On the ecology of cold-water phytoplankton in the Baltic Sea by Spilling, Kristian
WALTER AND ANDRÉE DE NOTTBECK FOUNDATION
SCIENTIFIC REPORTS
No. 31
On the ecology of cold-water 
phytoplankton in the Baltic Sea
KRISTIAN SPILLING
Academic dissertation in Hydrobiology, to be presented, with permission of the 
Faculty of Biosciences of the University of Helsinki, for public criticism in Laulujoutsen 
auditorium, Finnish Environment Institute, Mechelininkatu 34a, on January 26th 2007, 
at 12 noon.
HELSINKI 2007
230752_HAEGGSTROM_VK_sisus.indd   1 12.1.2007   9:59:25
This thesis is based on the following papers, which are referred to by their Roman numerals:
I. Spilling, K., Kremp, A. & Tamelander, T. 2006: Vertical distribution and cyst production of 
Peridiniella catenata (Dinophyceae) during a spring bloom in the Baltic Sea. – J. Plankton Res. 28: 
659-665.
II. Rintala, J.-M., Spilling, K. & Blomster, J.: Temporary cysts enables long-term dark survival of 
Scrippsiella hangoei (Dinophyceae). – Submitted manuscript.
III. Spilling, K. & Markager, S.: Ecophysiological growth characteristics and modeling of the onset of the 
spring bloom in the Baltic Sea. – J. Mar. Systems. (Accepted.)
IV. Spilling, K., Brodherr, B. H., Olli, K., Kremp, A., Tamminen, T. & Andersen, T.: Dissolved silicate 
uptake kinetics of Baltic Sea spring diatoms. – Submitted manuscript.
V. Spilling, K.: Carbon assimilation and pH during a sub-ice bloom of dinoﬂ agellates in the Baltic Sea. 
– Submitted manuscript.
The printed research article included in this thesis (paper I) is reproduced with the kind permission of 
Oxford University Press.
Supervised by  PhD Anke Kremp   PhD Timo Tamminen
   Tvärminne Zoological Station  Finnish Environment Institute
   University of Helsinki   P. O. Box 140
   FI-10900 Hanko    FI-00251 Helsinki
   Finland     Finland
Reviewed by  Prof. Harri Kuosa   PhD Pirjo Kuuppo
   Tvärminne Zoological Station  Finnish Environment Institute
   University of Helsinki   P. O. Box 140
   FI-10900 Hanko    FI-00251 Helsinki 
   Finland     Finland
Examined by  Prof. Patricia M. Glibert
   University of Maryland Center for Environmental Science
   Horn Point Laboratory
   P.O. Box 775
   Cambridge, MD 21613-0775 U.S.A.
Contributions
I II III IV V
Original idea AK JR, KS KS, SM KS,BB, KO, AK, TT KS
Study design and methods AK, KS JR, KS, JB KS, SM KS, BB, KO, TA KS
Data gathering KS, TL JR, KS, JB KS KS, BB, KO, AK, TT KS
Responsible for
manuscript preparation
KS KS KS KS KS
AK = Anke Kremp, BB = Björn Brodherr, JB = Jaanika Blomster, JR = Janne Rintala, KO = Kalle Olli, KS 
= Kristian Spilling, SM = Stiig Markager, TA = Tom Andersen, TL = Tobias Tamelander, TT = Timo Tam-
minen.
230752_HAEGGSTROM_VK_sisus.indd   2 12.1.2007   10:00:12
On the ecology of cold-water phytoplankton in the Baltic Sea
KRISTIAN SPILLING
Spilling, K. 2007: On the ecology of cold-water phytoplankton in the Baltic Sea. – W. & A. de Nottbeck 
Foundation Sci. Rep. 31: 1-59. ISBN 978-952-99673-2-2 (paperback), ISBN 978-952-10-3626-2 (PDF).
Increased anthropogenic loading of nitrogen (N) and phosphorus (P) has led to an eutrophication problem in 
the Baltic Sea, and the spring bloom is a key component in the biological uptake of increased nutrient con-
centrations. The spring bloom in the Baltic Sea is dominated by both diatoms and dinoﬂ agellates. However, 
the sedimentation of these groups is different: diatoms tend to sink to the sea ﬂ oor at the end of the bloom, 
while dinoﬂ agellates to a large degree are been remineralized in the euphotic zone. Understanding phyto-
plankton competition and species speciﬁ c ecological strategies is thus of importance for assessing indirect 
effects of phytoplankton community composition on eutrophication problems.
The main objective of this thesis was to describe some basic physiological and ecological characteristics 
of the main cold-water diatoms and dinoﬂ agellates in the Baltic Sea. This was achieved by speciﬁ c stud-
ies of: (1) seasonal vertical positioning, (2) dinoﬂ agellate life cycle, (3) mixotrophy, (4) primary produc-
tion, respiration and growth and (5) diatom silicate uptake, using cultures of common cold-water diatoms: 
Chae toceros wighamii, C. gracilis, Pauliella taeniata, Thalassiosira baltica, T. levanderi, Melosira arctica, 
Diatoma tenuis, Nitzschia frigida, and dinoﬂ agellates: Peridiniella catenata, Woloszynskia halophila and 
Scrippsiella hangoei.
The diatoms had higher primary production capacity and lower respiration rate compared with the dino-
ﬂ agellates. This difference was reﬂ ected in the maximum growth rate, which for the examined diatoms 
range from 0.6 to 1.2 divisions d-1, compared with 0.2 to 0.3 divisions d-1 for the dinoﬂ agellates. Among 
diatoms there were species speciﬁ c differences in light utilization and uptake of silicate, and C. wighamii 
had the highest carbon assimilation capacity and maximum silicate uptake.
The physiological properties of diatoms and dinoﬂ agellates were used in a model of the onset of the 
spring bloom: for the diatoms the model could predict the initiation of the spring bloom; S. hangoei, on 
the other hand, could not compete successfully and did not obtain positive growth in the model. The other 
dinoﬂ agellates did not have higher growth rates or carbon assimilation rates and would thus probably not 
perform better than S. hangoei in the model. The dinoﬂ agellates do, however, have competitive advantages 
that were not included in the model: motility and mixotrophy.
Previous investigations has revealed that the chain-forming P. catenata performs diurnal vertical migra-
tion (DVM), and the results presented here suggest that active positioning in the water column, in addition 
to DVM, is a key element in this species’ life strategy. There was indication of mixotrophy in S. hangoei, as 
it produced and excreted the enzyme leucine aminopeptidase (LAP). Moreover, there was indirect evidence 
that W. halophila obtains carbon from other sources than photosynthesis when comparing increase in cell 
numbers with in situ carbon assimilation rates. The results indicate that mixotrophy is a part of the strategy 
of vernal dinoﬂ agellates in the Baltic Sea. There were also indications that the seeding of the spring bloom 
is very important for the dinoﬂ agellates to succeed. In mesocosm experiments dinoﬂ agellates could not 
compete with diatoms when their initial numbers were low.
In conclusion, this thesis has provided new information about the basic physiological and ecological 
properties of the main cold-water phytoplankton in the Baltic Sea. The main phytoplankton groups, diatoms 
and dinoﬂ agellates, have different physiological properties, which clearly separate their life strategies. The 
information presented here could serve as further steps towards better prognostic models of the effects of 
eutrophication in the Baltic Sea.
Kristian Spilling, Finnish Environment Institute, P.O. Box 140, FI-00251 Helsinki, Finland and Tvärminne 
Zoological Station, University of Helsinki, J. A. Palménin tie 260, FI-10900, Hanko, Finland.
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61. INTRODUCTION
The Baltic Sea is a drop in the ocean, almost 
literally. The oceans cover 70% of the 
world’s surface, and the Baltic Sea holds 
~0.001% of the world’s water reservoir. 
There are 85 million people living in the 
Baltic catchment area; splitting the Baltic 
Sea equally between them would give 94 
swimming pools (Olympic size) worth 
of water for everyone. In comparison, 
distributing the world’s oceans to the global 
population would give enough water for 
filling 91 300 swimming pools for every 
person. Although that is a lot of water, it is 
finite, and this exemplifies the shortcomings 
of the old saying: “the solution to pollution 
is dilution” for marine habitats in general 
and for the Baltic Sea in particular.
1.1. Eutrophication
Of all the environmental problems in the 
Baltic Sea ecosystem, eutrophication is 
regarded as one of the most serious threats 
(Kautsky & Kautsky 2000, HELCOM 
2002, Bernes 2005). Eutrophication, in 
its widest sense, is defined as: “increased 
growth rates of aquatic biota” (Wetzel 
1983) or “an increase in the rate of supply 
of organic matter to an ecosystem” (Nixon 
1995). In practice, this is increased primary 
production as a consequence of enrichment 
of dissolved nutrients, either naturally or 
due to anthropogenic activity. Andersen 
et al. (2006) define eutrophication as: 
“the enrichment of water by nutrients, 
especially nitrogen and/or phosphorus 
and organic matter, causing an increased 
growth of algae and higher forms of plant 
life to produce an unacceptable deviation 
in structure, function and stability of 
organisms present in the water and to the 
quality of water concerned, compared to 
reference conditions.”
The main macronutrients that typically 
limit growth of primary producers are ni-
trogen (N) and/or phosphorus (P). The 
terrestrial fluxes of N and P to the oceans 
have increased by more than a factor of two 
worldwide, and by an order of magnitude in 
Western Europe (Meybeck 1998). This has 
lead to eutrophication problems worldwide, 
particularly in coastal areas (Nixon 1995). 
The consequences of this eutrophication 
process can be divided into: (1) increased 
production of algal biomass and (2) changes 
in the food web.
Increased algal production has several 
consequences. First, it can lead to higher 
standing stock of algal biomass resulting in 
decreased water transparency, i.e. increased 
turbidity. This increases light attenuation, 
directly affecting the light available for pri-
mary production, which may discriminate 
against the stationary macroalgae. Second, 
the fate of the increased algal production is 
of great importance for the nutrient cycling 
in the whole system. There are several po-
tential pathways for the organic biomass: (1) 
the algae can be consumed, which leads to 
increased biomass at higher trophical levels, 
or (2) it can be remineralized, either in the 
water column or at the sea floor. The nu-
trients are then either recycled and support 
bacterial or new phytoplankton growth, or 
alternatively, they are permanently buried 
in the sediment.
The microbial processes taking place in 
the sediment is important for the cycling of 
nutrients. When organic matter settles to 
the sea floor the microbial processes taking 
place consumes oxygen, and if O2 consump-
tion is higher than O2 transport from over-
laying water the sediment turns anoxic. The 
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7oxygen status of the sediment depends on 
the water exchange (circulation and mixing 
pattern) and on how much organic matter is 
settling out of the water column. In eutro-
phied seas the amount of organic material 
settling to the sea floor often is so high that 
the sediment turns anoxic, and this has sev-
eral implications for nutrient cycling, par-
ticularly for P. Iron oxides (Fe (III)) in the 
sediment has a great potential of binding P 
under oxic conditions, but under anoxic con-
ditions Fe(III) is reduced to soluble Fe(II) 
which releases the binding with P (Canfield 
et al. 2005). This may create a negative 
feedback cycle where eutrophication cause 
increased sedimentation rate, leading to an-
oxic sediment, which subsequently releases 
P, causing more nutrients to enter the sys-
tem and further worsening the eutrophica-
tion problem (Valiela 1995). The oxygen 
concentration in the sediment also affects 
nitrogen cycling. Denitrification (NO3 → 
NO2 → NO → N2O → N2) and anammox 
(NH4 + NO2 → N2 + 2H2O) takes only place 
under anaerobic conditions. When there are 
high NO3 concentrations in the overlaying 
water, total denitrification rates in the sedi-
ment are inversely proportional to O2 pen-
etration depth (Jensen et al. 1994, Rysgaard 
et al. 1994). Thus the combined effect of P 
and N sediment cycling during events with 
anoxic sediment may lower the N:P ratio in 
the near bottom water. However, nitrifica-
tion (NH4 → NO2 → NO3) stops in anoxic 
sediment due to lack of O2 (e.g. Jensen et al. 
1994); as a result, denitrification in anoxic 
sediments will be limited by the diffusion 
rate of NO3. Consequently, this processe 
will not provide an effective sink of N dur-
ing severe anoxic events.
Unbalanced input of nutrients leads to 
changed nutrient composition, which may 
alter the competition for resources and con-
sequently the phytoplankton community 
composition. Such a change will potentially 
affect the community of the grazers, which 
in turn may further affect higher trophic 
levels of the food web. Eutrophication may 
this way have cascading effects, which 
change the whole ecosystem (Smith et al. 
2006).
The first signs of eutrophication in the 
open Baltic Sea started to appear in the 
1960’s (Schernewski & Neumann 2005), 
and the total load of N and P have been es-
timated to have increased by four and eight-
fold, respectively, during the 20th century 
(Larsson et al. 1985). The primary produc-
tivity has been estimated to have increased 
by a factor of 2.5 in the Baltic Proper 
(Schneider & Kuss 2004). The annual load 
of these nutrients to the system is ~1.1-1.2 
*106 tons N and ~5.6-7.0 *104 tons P (Wulff 
et al. 1990, Elmgren & Larsson 2001), but 
this loading is not evenly distributed. Lund-
berg (2005) recently reviewed the effects of 
eutrophication in all Baltic sub-basins, and 
the Gulf of Finland, Gulf of Riga and Baltic 
Proper are the most affected by anthropo-
genic nutrient loading.
In contrast to most other marine, coastal 
areas, dense blooms of cyanobacteria occur 
annually during summer in the Baltic Sea. 
These toxic or nuisance blooms have re-
ceived a lot of public attention because they 
typically appear during the summer holi-
day season. Cyanobacteria have the abil-
ity to fix nitrogen from atmospheric nitro-
gen contrary to competing phytoplankton 
groups, and will thus mainly be affected by 
the availability of phosphorus. Low N:P ra-
tio in addition to calm, warm weather, typi-
cally promote the cyanobacterial blooms 
during summer (Niemi 1979, Wasmund et 
al. 2005). In addition to degrade the rec-
reational value of the sea, these blooms 
230752_HAEGGSTROM_VK_sisus.indd   7 12.1.2007   10:00:13
8directly affect the eutrophication problem. 
Cyanobacteria have been estimated to fix 
180 000 to 792 000 tons N yr-1 in the Bal-
tic Proper (Larsson et al. 2001, Wasmund et 
al. 2005), which can be compared with an 
estimated loading of 285 000 and 480 000 
tons N yr-1 from terrestrial and atmospheric 
sources respectively (Savchuk 2005).
1.2. Thresholds, points of no return and 
regime shifts
Ecological threshold theory predicts that 
ecosystem conditions can be relatively 
stable although an environmental driver 
is changing, up to a point where a sudden, 
drastic change in ecosystem structure takes 
place (May 1977, Scheffer et al. 2001, 
Scheffer & Carpenter 2003). When the 
driver of the system increases beyond this 
point there is a ‘point of no return’, and the 
whole ecosystem goes through a regime 
shift into a new state with new ecosystem 
equilibriums (Fig. 1). The reversal of the 
driver, i.e. reduction in driving force, does 
not necessarily return the system to the old 
state, but a rather substantial reduction in 
the driver is needed in order to bring the 
ecosystem back to the old equilibrium. 
Several system drivers might work in 
tandem, e.g. eutrophication and climate 
change, and complete return to the old 
equilibrium is perhaps not possible.
Eutrophication can be a system driver 
(or pressure within the DPSIR framework) 
causing non-linear ecosystem changes and 
such a regime shift has been suggested to 
have been taken place in the Baltic Sea 
(SEAC 2005). If the Baltic Sea has already 
reached a new more eutrophied state, dras-
tic reduction in nutrient loading would be 
necessary before any change back to the 
original state would occur. Understanding 
the eutrophication-driven increase of flux 
of organic matter to the sea floor, is a key 
point for understanding possible indirect 
consequences of eutrophication.
1.3. Spring bloom
In temperate, aquatic ecosystems there is 
typically a spring bloom of phytoplankton 
every year. During winter the water column 
mixes by wind forces when density barriers 
are weakened due to cooling of the water. 
This process enriches the surface layers with 
nutrients, and the increasing input of energy 
from the sun during spring triggers an algal 
bloom, i.e. the spring bloom. The two main 
factors determining the onset of the spring 
bloom are irradiance and mixing depth. 
Water with the same density is easily mixed 
by physical forces, e.g. wind, and the mixing 
depth (ZM) is the depth of the upper mixed 
Ecosystem driver 
R
es
po
ns
e
?
Figure 1. The response of an ecosystem to increase 
in ecosystem driver (solid line) and subsequent de-
crease in ecosystem driver (dotted line). The verti-
cal lines mark the main transition period where the 
point of no return is reached. Redrawn from Schef-
fer et al. (2001).
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9water layer. Total irradiance increases during 
spring as the sun gets higher in the sky and 
the days become longer. However, the mixing 
depth determines how much of this light the 
phytoplankton receives. Sverdrup’s critical-
depth (ZCR) is defined as the depth where the 
vertically integrated rates of net production 
and loss processes are equal (Sverdrup 
1953, Nelson & Smith Jr 1991), and positive 
production, and thus spring bloom, can only 
start when ZM/ZCR <1.
The spring bloom period generally fa-
vors fast-growing phytoplankters that toler-
ate the conditions prevailing during spring, 
e.g. low temperature, high turbulence and 
deep mixing. This period is often domi-
nated by diatoms, which are able to quickly 
utilize the excess nutrients and transform it 
into biomass. The environment experienced 
by phytoplankton during spring bloom can, 
in other words, be called r-selective with 
reference to the r/K scheme (MacArthur & 
Wilson 1967, Pianka 1970). An r-strategist 
has a high reproductive ability (i.e. high 
r-value), while a K-strategist tends to stay 
at the carrying capacity (K). The typical 
r-selective environment is one where there 
are periods with possibilities for unlimited 
growth (either when entering a favorable 
period or when there is a new site to colo-
nize). A typical K-selective environment, 
on the other hand, is a more stable habitat 
where growth is well regulated by density 
dependence, grazing or other mechanisms. 
There tends to be a seasonal succession 
from r- to K-selective environment during 
spring in temperate, marine habitats (Mar-
galef 1978).
1.3.1. Role of the spring bloom in the Baltic 
Sea
The onset of the spring bloom in the Baltic 
Sea travels like a wave from the south to the 
north on a broad scale (Jansson 1978), but 
on a local scale uneven salinity stratification 
causes a patchy bloom development (Kahru 
& Nõmmann 1990), and the influence of 
freshwater, creating temporal haloclines, 
is considered the most important factor for 
the onset of the spring bloom in the Baltic 
Sea (Stipa 2002, 2004). The magnitude 
of the spring bloom varies in the different 
sub-basins and is highest in Gulf of Finland 
(Fleming & Kaitala 2006).
Normally, spring is the period of the year 
with the highest new production, where 
new production is defined as production of 
algal biomass using newly available nitro-
gen, for example nitrate (NO3) and nitrogen 
gas (N2), as the nitrogen source (Dugdale 
& Goering 1967). This is in contrast to the 
summer situation when regenerated nutri-
ents (i.e. nutrient recycling) play a more 
important role, using ammonium (NH4) or 
organic N forms such as urea (CON2H4), 
as the nitrogen source. The availability of 
nutrients is important for controlling pri-
mary production and this is termed bot-
tom-up control of the marine food webs. 
Additionally, loss processes, such as such 
as top-down control by grazers, are also 
important factor shaping the phytoplankton 
community. Grazing functions as a direct 
sink of phytoplankton biomass, but grazers 
also play a large role in the recycling of nu-
trients and may thus affect both top-down 
and bottom-up control of the algal standing 
stock (Glibert 1998).
During the spring bloom in the Baltic 
Sea 40 to 60% of annual carbon fixation 
takes place, in a time frame covering only 
3 to 4 weeks of the year; there is generally a 
mismatch between primary producers and 
grazers, and 30 to 80% of this fixed car-
bon sinks out of the surface layer (Lignell 
et al. 1993, Viitasalo 1994, Heiskanen 1998, 
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Blomqvist & Heiskanen 2001, Tamelander 
& Heiskanen 2004). This is in contrast to the 
summer situation, when carbon and nutri-
ent fluxes are largely based on regeneration 
within the euphotic zone and sedimentation 
is low (Heiskanen 1998). An exception to 
this is the build up of cyanobacterial bio-
mass during summer, which is largely driv-
en by N-fixation, i.e. new production. With 
increasing eutrophication, both the magni-
tude of the spring bloom, and the fraction 
of sedimentation of the produced biomass, 
plays a decisive role for the carbon and nu-
trient fluxes of the whole ecosystem.
1.3.2. Diatom and dinoflagellate composi-
tion during the spring bloom
Diatoms are often the dominating group 
during the spring bloom in temperate areas, 
while dinoflagellates are only present in 
low numbers (Margalef 1978, Smayda & 
Reynolds 2001, 2003). However, in the 
Baltic Sea there are some species of large 
dinoflagellates (20 to 30 µm) that form a 
major, and often dominant, component of 
the phytoplankton community during the 
spring bloom (Niemi 1975, Heiskanen 1993, 
Tamelander & Heiskanen 2004, Jaanus et 
al. 2006). These vernal dinoflagellates are 
distributed in most of the Baltic Sea, with 
the exception of the northernmost Bothnian 
Bay. In the southern Baltic Sea there is long 
term data suggesting that dinoflagellates 
are getting more dominant at the expense 
of diatoms (Wasmund & Uhlig 2003). 
Very little is known about the reasons for 
the success of the dinoflagellates so early 
in the season in the Baltic Sea, but climate 
and stratification patterns in particular, are 
probably important factors regulating the 
spring bloom community (Heiskanen 1998).
Although the Baltic Sea shows varying 
dominance of diatoms and dinoflagellates 
during the spring bloom period, these algal 
groups appear to be functionally surrogates 
as both are able to effectively exhaust the 
wintertime accumulation of inorganic N, 
and produce bloom-level biomasses. The 
relative abundance of either algal group 
has, however, a large effect on the sedimen-
tation of the vernal biomass (Heiskanen 
1993, Heiskanen & Kononen 1994, Heis-
kanen 1998, Tamelander & Heiskanen 
2004). Diatoms are worldwide known to be 
important vehicles for transporting fixed 
carbon from the atmosphere to great depths 
(Doney 1997, Smetacek 1998), or in the 
case of the relatively shallow Baltic Sea, to 
the sea floor. Dinoflagellates seldom con-
stitute a major fraction of sedimentation 
flux except for sharp peaks of mass encyst-
ment, i.e. production of resting cysts, as the 
vegetative cells are regenerated largely in 
the productive surface layers (Heiskanen 
1998, Tamelander & Heiskanen 2004). The 
cysts that do settle are, however, very re-
sistant to degradation and therefore may not 
provide a pulse of available organic matter 
to the bottom water in contrast to decay-
ing diatom cells (Fryxell 1983). There are, 
however, also differences between diatom 
species as some species, e.g. Chaetoceros 
holsaticus Schütt, produce large amounts 
of resting spores before settling on the sea 
floor, while others sediment as vegetative 
cells, e.g. Chaetoceros wighamii Cleve 
(Brightwell) (Kuosa et al. 1997, Heiskanen 
1998). Consequently, the phytoplankton 
composition during the spring bloom may 
affect both the summertime nutrient pools 
of the water column, and the input of or-
ganic matter to the bottom sediments (Fig. 
2). In the case of diatom dominance, draw-
down of nutrients to the bottom is efficient 
and leaves impoverished nutrient stocks for 
summertime regenerated production in the 
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surface waters. Bottom waters, on the con-
trary, receive large amounts of fresh organic 
matter, which aggravate oxygen consump-
tion and as a consequence increase phos-
phorus release from the sediments. This 
has led to a regime-shift-like development 
during the last decade, when inorganic P 
pools of the Gulf of Finland have remained 
at elevated levels after the spring bloom, 
whereas low, hardly measurable phosphate 
concentrations were as a rule detected prior 
to mid-90’s (Fig. 3, plus unpublished moni-
toring data, Finnish Environment Institute), 
although N limitation of the spring bloom 
was demonstrated even then (Tamminen 
1995). A scenario of presently intensify-
ing N limitation of the Gulf thus appears to 
have a self-enforcing nature: eutrophication 
due to terrestrial and atmospheric nutrient 
discharges to the N-limited spring produc-
tion period enhances sedimentation and P 
release from sediments, and consequent-
ly N limitation (Tamminen & Andersen 
2007). However, this pattern is obviously 
to a large extent dependent on the species 
composition of the spring bloom: if there is 
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Figure 2. Schematic presentation of the fate of a 
diatom and dinoﬂ agellate dominated spring bloom. 
For the diatoms, the main part of the biomass sedi-
ment to the sea ﬂ oor, while little of the dinoﬂ agel-
late biomass reach the sediment, except for highly 
resistant cysts (Heiskanen 1998).
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Figure 3. Concentration of PO4 at Längden sam-
pling station during 1989-1991 (ﬁ lled points) and 
2000-2006 (open points). Samples were taken 
from surface water (1 m depth). The grey box in-
dicates the temporal time window between spring 
bloom and the typical occurrence of cyanobacterial 
blooms. Monitoring data from Längden sampling 
station, Finnish Environment Institute.
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relatively more dominating after the peak 
of the spring bloom when nitrate has been 
depleted (Heiskanen 1998, Tamelander & 
Heiskanen 2004). There are also other cold-
water diatoms regularly present but not 
overall dominating, which are presented in 
Table 1.
1.3.4. Main dinoflagellates
Single-celled dinoflagellates can be very 
abundant during spring in the Baltic Sea. 
Historically, some of these dinoflagellates 
have been recognized under different 
taxonomical names, i.e. Peridinium sp., P. 
hangoei, Gymnodinium sp. and Glenodinium 
sp. (Niemi 1975, Hobro 1979, Heiskanen 
1993, Lignell et al. 1993, Hällfors 2004) 
before they were reassigned to the species 
Scrippsiella hangoei (Schiller) Larsen by 
Larsen et al. (1995). However, recently it has 
become clear that several dinoflagellates, 
which are almost isomorphic under a light 
microscope, are co-occurring during spring. 
One of them, Woloszynskia halophila 
(Biecheler) Elbrächter & Kremp, produces 
the cyst originally assigned to S. hangoei 
(Kremp et al. 2005). Additionally, a yet 
unidentified Gymnodinium species has been 
identified to co-occur with W. halophila 
in the Baltic Proper (A. Kremp, personal 
communication). These species can not easily 
be distinguished without molecular tools 
or electron microscope. However, massive 
sedimentation of W. halophila cysts after 
spring bloom (Heiskanen 1993), suggests that 
this species is the dominating single-celled 
dinoflagellate in the Gulf of Finland. In 
addition to the single celled dinoflagellates, 
the chain-forming Peridiniella catenata 
(Levander) Balech may build up dense blooms 
during spring, and this species can also be 
found in the Arctic (Niemi 1975, Okolodkov 
& Dodge 1996, Okolodkov 1999). 
a shift towards more flagellate dominating 
community during the spring bloom (Was-
mund & Uhlig 2003), the flux of bioavail-
able organic matter to sediments would 
diminish (Heiskanen 1998). It is therefore 
evident that the spring phytoplankton spe-
cies composition may have ecosystem-wide 
consequences, and both the causes and con-
sequences of the shifting balance between 
diatoms and dinoflagellates are at present 
too poorly known for adequate prognostic 
modeling or threshold analyses of the Bal-
tic Sea ecosystem. Although the different 
sedimentation patterns between diatoms 
and dinoflagellates are well established, the 
link between the spring bloom and regener-
ated production during summer is not well 
studied (Lignell et al. 1993), and there re-
main gaps of knowledge. Knowledge of the 
driving forces in species composition is an 
important step for assessing potential path-
ways for the nutrient loading to the Baltic 
Sea.
1.3.3. Main diatoms
The main diatoms occurring during the 
spring bloom in the Baltic Sea are also 
present during winter, some of which also 
can be found in the brine channels within 
the ice (Ikävalko & Thomsen 1997). Some 
of the species are also found in the Arctic, 
e.g. Pauliella taeniata (Grunow) Round & 
Basson (previously Achnanthes taeniata) 
and Melosira arctica (Ehrenberg) Dickie. 
P. taeniata is a generally abundant in the 
initial phase of the spring bloom. The 
other most abundant diatoms in the Gulf 
of Finland are Chaetoceros wighamii, C. 
holsaticus, Thalassiosira baltica (Grunow) 
Ostenfeld and T. levanderi van Goor. 
Additionally there is Skeletonema costatum 
(Greville) Cleve, which is abundant during 
the spring bloom, and this species becomes 
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Table 1. Common cold-water diatoms present during winter and spring in Gulf of Finland. The dominating 
spring bloom species is marked with *. Occurrence in cold-water (c) and warm-water (w), parenthesis denotes 
that it may occasionally be found under these conditions. Size measurements (µm) are recorded variation in 
apical and pervalvar axis, or height and diameter with average in parenthesis. The information is compiled 
from Tikkanen (1986), Snoeijs (1993), Snoeijs & Vilbaste (1994), Snoeijs & Potapova (1995), McQuoid & 
Hobson (1996) (plus references therein), Snoeijs & Kasperoviciene (1996), Ikävalko & Thomsen (1997), 
Snoeijs & Balashova (1998), Hällfors (2004) and HELCOM (2006).
Species Occurrence Size Resting spore (RS)
Amphiprora kjellmanii Cleve c 
Chaetoceros ceratosporus Ostenfeld c(w) 5-11 × 3-14 RS
Chaetoceros danicus Cleve cw 10-18 (13.3) × 5-10 (7.0)
Chaetoceros decipiens Cleve c 31-55 (39) × 14-36 (23)
Chaetoceros gracilis Schütt c 4-6 × 6-7
*Chaetoceros holsaticus Schütt c  5-15 (11.5 ) × 7-17 (8.6) RS
Chaetoceros mulleri Lemmermann c 4-10 (6) × 4.5-8 (6.5) RS
*Chaetoceros wighamii Brightwell cw 5-17 (11.9) × 5-10 (8.6) RS
Diatoma tenuis Agardh c 22-120 × 2-5
Fragilariopsis cylindrus (Grunow) Krieger c 13-19(15.4) × 3-4(3.6) RS
Melosira arctica (Ehrenberg) Dickie c 11-20 (15.1) × 14-25 (19.5) RS
Navicula grani (Jørgensen) Gran c
Navicula pelagica Cleve c
Navicula pelliculosa (Brébisson) Hilse c
Navicula vanhoeffenii Gran c 30-48 (40) × 7.5 – 8.5 (7.9)
Nitzschia frigida Grunow c 32-64 (41.2) × 4-5 (4.6)
Nitzschia longissima (Brébisson) Ralfs c 120-450 × 3-8
*Pauliella taeniata (Grunow) Round & Basson c 15-35 (20.8) × 5-10 (7.3) RS
*Skeletonema costatum (Greville) Cleve c(w) 5-11 (7.5) × 7-18 (10.4)
*Thalassiosira baltica (Grunow) Ostenfeld c(w) 10-28 × 20-100 (53.6)
Thalassiosira hyperborea v lacunosa (Berg) Hasle c 17-52 (25.2)
Thalassiosira hyperborea v pelagica 
(Cleve-Euler) Hasle c 13 × 20.5-54 (31.9)
Thalassiosira levanderi van Goor c 5-10 × 7-16 (10.2)
1.3.5. Life cycle in diatoms and dinoflagel-
lates
There are several ways of overcoming 
unfavorable periods, for example by 
migration, physiological adaptations or 
dormancy. For planktonic organisms the 
latter mode of survival is common, in 
particular for phytoplankton. These life 
cycle transitions are of great ecological 
importance, as they are vital for surviving 
unfavorable periods (van den Hoek et al. 
1995).
The two frustules of diatoms are shaped 
like a box (hypotheca) with a lid (epitheca). 
During cell division, the two halves are 
separated in the valvar plane and new frus-
tule halves are created. These new frustules 
halves always become the hypotheca of 
the new cell. Consequently, one of the two 
newly formed cells becomes smaller in size 
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(the box becomes the lid of the new cell). 
Some species have an elastic girdle which 
enables them to keep their original size (van 
den Hoek et al. 1995). However, for most 
species the average cell size decreases after 
each division, and an auxospore is formed 
when cells have reached a minimal size. 
The formation of an auxospore is almost al-
ways linked to sexual reproduction (van den 
Hoek et al. 1995), which may subsequently 
form a resting stage (Davis et al. 1980), but 
more commonly increase in size and start 
vegetative growth again (van den Hoek et al. 
1995). Diatom resting stages are termed rest-
ing cells or resting spores, and are normally 
formed asexually by vegetative cells as a re-
sponse to unfavorable conditions (McQuoid 
& Hobson 1996). The term resting cell re-
fers to resting stages that have undergone 
physiological and cytoplasmic changes but 
remain morphological similar to the vegeta-
tive stage. Resting spores are resting stages 
that are morphological distinct, often with 
thickened, rounded frustules (McQuoid & 
Hobson 1996). Information about the life 
cycle stages of Baltic cold-water diatoms are 
presented in Table 1.
The life cycle of dinoflagellates involve 
transformation from the vegetative stage to 
dormant resting stage termed cyst (Huber 
& Nipkow 1923, Binder & Anderson 1990). 
The cyst is typically thick-walled and is of-
ten (Taylor & Pollingher 1987), but not al-
ways (Kremp & Parrow 2006), formed after 
sexual reproduction. After encystment the 
cysts go through an obligatory dormancy 
period, after which they are able to germi-
nate when exposed to favorable conditions 
(e.g. Dale 1983). In addition to the thick 
walled cyst, many dinoflagellates have 
haploid, temporary resting stages, termed 
temporary, pellicle, hyaline or ecdysal 
cysts. Temporary resting stages typically 
germinate immediately when re-exposed to 
favorable conditions without any mandato-
ry dormancy period, and this resting stage 
play a role in the short term population dy-
namics of dinoflagellates (Kita et al. 1985, 
Garcés et al. 1998, Olli 2004).
All the cold-water dinoflagellates in 
the Baltic Sea go through encystment, but 
they have different encystment strategies. 
Large parts (up to 40%) of the Woloszyn-
skia halophila population encyst and this 
is one factor that may terminate the bloom 
of this species (Kremp & Heiskanen 1999). 
Peridiniella catenata on the other hand pro-
duces few cysts, but these are very viable 
and >90% germinate after long-term stor-
age in a dark, cold environment (Kremp 
2000, 2001). Scrippsiella hangoei produces 
both sexual and asexual thick-walled cysts 
(Kremp & Parrow 2006).
1.4. Environmental conditions affecting 
the spring bloom
The physiological and ecological properties 
of a species determine how successful it 
is under a specific set of environmental 
conditions. Physiological constraints 
constitute the framework around the 
fundamental ecological niche of an 
organism, while interactions with other 
species set the boundaries of the realized 
ecological niche (Begon et al. 1996).
There are many different ecological 
strategies and the criteria for success might 
vary on the temporal or spatial scales in 
question. Producing high biomass blooms 
in a short time might be one such criterion; 
another is prevailing in the ecosystem on 
an evolutionary time scale (albeit perhaps 
in low numbers), or having a wide spatial 
distribution. However, during the relative 
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short spring bloom, and in terms of cycling 
of nutrients, it is the phytoplankters pro-
ducing the highest biomass that are of in-
terest.
Ultimately, what decides the outcome 
of any competition is the net growth rate, 
within a given time frame, of the species 
involved (Passarge & Huisman 2002). 
There are several factors that affect the net 
growth rate. These can be divided into di-
rect factors, i.e. physiological properties, 
and indirect factors, i.e. ecological proper-
ties and adaptations. The direct physiologi-
cal properties can for example be described 
by carbon fixation rate, respiration, nutri-
ent uptake and light utilization. Ecological 
properties and adaptations affect the growth 
rate indirectly, ranging from adaptations 
such as size, to behavioral traits like abil-
ity for movement and interaction with other 
organisms, e.g. grazing and competition. 
These adaptations and traits are often spe-
cies- or group-specific. For instance, verti-
cal migration is restricted to those groups 
or species of phytoplankton that are motile. 
Certain behavior may affect the growth 
rate on a relative scale by reducing growth 
of competitors, for example, by releasing 
allelochemicals, i.e. allelopathy.
Understanding the mechanisms govern-
ing the net growth rate at a species level is 
very compelling, because knowledge of en-
vironmentally driven variability in measur-
able physiological constituents and species 
specific ecological properties, facilitate, at 
least in theory, predictions for the outcome 
of competition and thus species composi-
tion and succession. Below is a short review 
of the main environmental parameters that 
shape the phytoplankton community in a 
cold-water, marine environment.
1.4.1. Temperature
The relationship between growth rate and 
temperature is well known. The growth rate 
increases with temperature up to an optimum 
temperature, after which the growth rate 
rapidly drops with further temperature 
increase (Eppley 1972, Goldman & 
Carpenter 1974). Changes in temperature 
alter reaction kinetics and cell membrane 
properties, which in turn may impinge 
transport systems (Clarkson et al. 1988). 
However, algae have ways of acclimating 
to changes in temperature, e.g. by altering 
enzyme properties (Descolas-Gros & de 
Billy 1987). Increasing temperature affects 
the metabolism by increasing the respiration 
rate and photosynthetic maximum (Pm); the 
maximum light utilization coefficient (α) 
seems, however, to be less correlated with 
temperature, sometimes even decreasing 
with increasing temperature (Madsen & 
Brix 1997, Coles & Jones 2000). It is the 
dark reaction of the photosynthesis that 
is temperature dependent, while the light 
reaction is temperature independent (Kirk 
1994).
The empirical relationship between tem-
perature and maximum growth rate, de-
scribed by Eppley (1972), has been used ex-
tensively to model algal growth (Sarmiento 
et al. 1993, Doney et al. 1996, Geider et al. 
1998). This approach has, however, been 
criticized as too simple to describe the 
growth response of a changing phytoplank-
ton community to changes in temperature 
(Moisan et al. 2002). Furthermore, other 
environmental factors, such as nutrient 
availability, affect the temperature / growth 
relationship (Kudo et al. 2000), and opti-
mum temperature for growth may change 
due to temperature acclimation (Li 1980). 
Thus, temperature is an important factor 
for regulating growth, but it is not straight-
230752_HAEGGSTROM_VK_sisus.indd   15 12.1.2007   10:00:16
16
forward to make any predictions of growth, 
or even maximum growth potential, based 
on temperature alone.
Many cold-water phytoplankters obtain 
a higher growth rate with increasing tem-
perature within temperature limits that 
often exceed what they experience in their 
natural environment, but some are obliga-
tory psychrophilic, i.e. they can only live 
at temperatures close to 0°C (Fiala & Oriol 
1990). It has been suggested that tempera-
ture has a greater effect on respiration than 
photosynthesis at temperatures close to 0°C. 
This would imply that decreasing tempera-
ture decreases the respiration more than it 
decreases the primary production, and con-
sequently, lower temperature may have a 
positive effect on the net growth (Sakshaug 
& Slagstad 1991, Kirst & Wiencke 1995). 
Furthermore, small increases in tempera-
ture for cold-water adapted phytoplankton 
may increase the release of photoassimilated 
carbon as dissolved organic matter (DOM), 
leading to increased loss rate (Morán et al. 
2006). However, the different temperature 
response between photosynthesis and respi-
ration at low temperatures is not universal; 
consequently, any positive effect on growth 
of lower temperature is not a general char-
acteristic (Kirst & Wiencke 1995).
Of the diatoms present in the Baltic Sea 
during winter and spring, some are obliga-
tory psychrophilic, e.g. Pauliella taeniata, 
while others are present in the water column 
also during periods of the year and have a 
wider temperature tolerance, e.g. Chae-
toceros wighamii (Table 1). Of the main 
cold-water dinoflagellates in the Baltic Sea, 
Peridiniella catenata has reduced growth 
rate when the temperature increases from 
4°C to 7°C (Spilling 2001). Woloszynskia 
halophila has growth maxima at 2-4°C and 
does not grow at 8°C, while Scrippsiella 
hangoei has a wider tolerance of tempera-
ture, ranging from 0 to 10°C (Kremp et al. 
2005, A. Kremp personal communication). 
1.4.2. Light
Light is the fuel for photosynthesis, i.e. 
the energy needed to build algal biomass. 
Photosynthesis takes place in two steps, 
the light and dark (Calvin – Benson cycle) 
reactions and the physical and chemical 
properties of photosynthesis are known in 
great detail (e.g. Kirk 1994, Falkowski & 
Raven 1997). The first part in the chain of 
events producing biomass is absorption 
of light by the photosynthetic antenna. 
There are three potential pathways of 
the absorbed light energy: it is either 
emitted as heat, as fluorescence, or it is 
used in photochemistry, which is the goal 
for photosynthetic production. Energy 
available for photochemistry is used to 
drive the electron transport chain, which 
splits water (releasing O2) and produces 
chemical energy (adenosine triphosphate, 
ATP) and reducing power (nicotinamide 
adenine dinucleotide phosphate, NADPH). 
Most of the ATP and NADPH produced in 
the light reaction are subsequently used in 
the dark reaction for building biomass. The 
total reaction in oxygenic photosynthetic 
production can be written 6CO2 + 6H2O + 
light → C6H12O6 + 6O2. This is, however, 
very simplified as for example the 
photosynthetic quotient (PQ), i.e. number 
of O2 produced per C fixed, is always >1 
as some of the energy produced in the light 
reaction is used for other purposes e.g. to 
reduce nitrate (Falkowski & Raven 1997).
The species-specific ability to utilize 
light is important for the competition be-
tween species. There are variations in the 
resources allocated for photosynthesis (e.g. 
C: Chl a or Chl a: rubisco ratio) and in the 
230752_HAEGGSTROM_VK_sisus.indd   16 12.1.2007   10:00:17
17
way the photosynthetic antenna functions 
(e.g. different accessory pigments). Differ-
ent adaptations cause fluctuating light to 
promote species diversity (Litchman et al. 
2004, Floder & Burns 2005). In terms of 
light utilization, the size of a cell influences 
the light absorption, caused by changes in 
intracellular pigment packaging. Smaller 
cells absorb light more efficient due to less 
internal self-shading (Kirk 1994, Fujiki & 
Taguchi 2002). As a consequence, increas-
ing cell size has negative influence on max-
imum light utilization coefficient (Kirk 
1994, Finkel & Irwin 2000). 
Phytoplankton in a well-mixed water 
column experiences the full range of light, 
from virtually darkness below the compen-
sation depth, to high light intensities at the 
surface (how much depends of course on 
the cloud cover). Thus, being able to quickly 
acclimate to ambient light is important for 
maximizing light utilization. Light accli-
mation functions to optimize primary pro-
duction and to avoid damage caused by too 
much light. Photoacclimation functions at 
several levels and on different time scales. 
Changes in cellular pigment content 
take place in order to adjust the absorption 
of light. There is generally an increase in 
cellular Chl a with decreasing light, and 
cellular pigment content might vary over 
the light dark cycle (Post et al. 1984). In-
crease in the Chl a content, as a response 
to dim light, increases the probability of 
light absorption overall, but decreases the 
absorption per Chl a unit. Changes in the 
pigment content take place on a time scale 
of hours, and are caused either by changes 
in the size of photosynthetic units (PSU), 
or alternatively by changes in numbers of 
PSU’s (Falkowski & Owens 1980). In addi-
tion to Chl a there are also other pigments 
that take part in the light harvesting pro-
cess. Both diatoms and dinoflagellates con-
tain Chl c, and other major light harvesting 
pigments are fucoxanthin in diatoms and 
peridinin in dinoflagellates. 
In the case of too much light, light ac-
climation functions to protect the pho-
tosynthetic apparatus. Photoinhibition is 
not caused by high irradiance per se, but 
rather by too much light energy absorbed 
compared with the photosynthetic capac-
ity, i.e. any excess energy that the photo-
system cannot handle is damaging (Lavaud 
et al 2004). Too much light energy affects 
photosystem II (PSII) more than photosys-
tem I (PSI), and it has been hypothesized 
that the excess energy damages either the 
reducing or oxidizing side of PSII, block-
ing the flow of electrons, or the splitting of 
water, respectively (Hall & Rao 1999). Pho-
toinhibition is often reversible, i.e. dynamic 
photoinhibition, and does in that case not 
inflict permanent damage to the photosys-
tem. However, severe photoinhibition over 
a long time may cause toxic oxygen spe-
cies to form, which may cause degradation 
of photosynthetic components, i.e. chronic 
photoinhibition or photodamage. 
Photosynthetic organisms have evolved 
several ways of dealing with photoinhibi-
tion (Kirk 1994, Demmig-Adams & Adams 
2006). The xanthophyll cycle is one example 
of this, which involves conversions of pig-
ments from a non-energy-quenching form 
to energy-quenching forms. This is a way 
to reduce the effective absorption cross-sec-
tion of the light harvesting antenna by dis-
sipating absorbed energy thermally, accord-
ingly reducing the amount of energy that 
reaches the photosynthetic reaction centers. 
Changes in the xanthophyll cycling takes 
place on a time scale of minutes to hours 
(Falkowski & Raven 1997). In diatoms and 
dinoflagellates the xanthophyll cycle con-
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sists of the pigment diadinoxanthin, which 
is transformed into diatoxanthin (diatoms) 
or dinoxanthin (dinoflagellates), at intense 
light (Jeffrey & Vesk 1997). Both diatoms 
and dinoflagellate additionally contains 
the photoprotective pigment β-carotene 
(Falkowski & Raven 1997), which may also 
help protect against degradation caused by 
toxic oxygen species formed (Hall & Rao 
1999).
Primary productivity during winter in 
cold waters is controlled by temperature 
and light (Harrison & Platt 1986), and phy-
toplankton growth before the initiation of 
spring bloom is often light limited. Very lit-
tle is known about the photosynthetic proc-
esses at a species level in Baltic Sea spring 
phytoplankton. Such information is valu-
able because knowledge on the relationship 
between carbon fixation rate and irradi-
ance, Chl a and light absorption is needed 
on a regional scale in order to make better 
models of primary production in oceans 
based on e.g. remote sensing of ocean color 
(Sakshaug et al. 1997), and for better un-
derstanding of species competition and 
phytoplankton succession. 
1.4.3. Nutrients
Nutrients are the building blocks for 
autotrophic growth, and nutrient uptake is 
a key component in competition between 
phytoplankters. The main nutrients that 
algal cells have to compete for (those that 
limit growth) are N and P. Diatoms (and 
Chrysophytes) additionally need Si in 
large amounts for the frustules, and this 
can limit diatom growth (Nelson & Dortch 
1996). With a few exceptions (e.g. CO2), all 
the nutrients are taken up though cellular 
uptake sites, and this process requires 
energy (Harris 1986). CO2 is the preferred 
carbon source, but some algae can take 
up bicarbonate (H2CO3), or alternatively 
they have the enzyme carbon anhydrase 
that speeds up the process of restoring 
the carbon dioxide-bicarbonate-carbonate 
equilibrium during CO2 removal.
The main forms of nitrogen uptake are 
nitrate (NO3) and ammonium (NH4). Am-
monium uptake is generally favored as it 
is less costly metabolically to utilize (Har-
ris 1986). However, nitrate uptake does not 
stop completely in the presence of saturat-
ing ammonium concentrations, and there 
are indications that preference for nitrogen 
source is temperature dependent, i.e. NO3 
is the preferred nitrogen source at low (<10 
°C) temperature (Lomas & Glibert 1999a, 
b). In a study comparing the nitrate uptake 
and storage in diatoms and dinoflagellates, 
Lomas & Glibert (2000) found that diatoms 
have higher nitrate uptake capacity than 
dinoflagellates, and moreover generally 
stored it intracellularly as nitrate, whereas 
dinoflagellates tended to store it as ammo-
nium.
Phosphorus is taken up as phosphate 
(PO4), and may be taken up in large quanti-
ties for storage (Terry 1982), i.e. luxury up-
take. Phosphorus uptake has been studied 
extensively, particularly in fresh water, and 
interspecific differences in phosphorus up-
take influence phytoplankton community 
dynamics in natural waters has been firmly 
established (Tilman & Kilham 1976, Tit-
man 1976, Kilham 1978).
Diatoms take up silicate as ortho-sil-
icic acid (Si(OH)4) and is mainly taken 
up during cell division (Brzezinski 1992). 
Silicate is important because it may influ-
ence the competition between diatoms and 
dinoflagellates. The increased N:DSi ratios 
associated with eutrophication have been 
discussed as one possible scenario for the 
discrimination of diatoms in favor of non-
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siliceous phytoplankton (Officer & Ryther 
1980, Smayda 1990, Egge & Aksnes 1992, 
Nelson & Dortch 1996, Spitale et al. 2005), 
as it may result in a shift from N to DSi 
limitation of diatom growth (Gilpin et al. 
2004). Molar N:DSi ratios of >2, or abso-
lute concentrations of <2 µmol L-1 DSi, have 
been experimentally suggested as limiting 
for diatoms in favor of flagellates (Egge & 
Aksnes 1992, Gilpin et al. 2004). However, 
diatoms are highly capable of acclimating 
to DSi stress and sustain high growth rates 
despite low external DSi concentrations 
(Olsen & Paasche 1986, Brzezinski et al. 
1990).
The size of a phytoplankton cell affects 
the nutrient uptake. Changes in size re-
sult in change in surface-to-volume ratio, 
which decreases with increasing size. This 
implies that the larger a cell gets the lower 
surface contact with the surrounding envi-
ronment becomes per unit biomass. This 
decreases the relative transport capabilities 
across the cell wall. Consequently, small 
cells have, in general, higher nutrient af-
finity than large cells, which is beneficial 
in low nutrient concentrations. The advan-
tage of increasing size is that larger cells 
have larger cell quotas, i.e. storage capa-
bilities for nutrients, and they are favored 
during fluctuating nutrient supply (Stolte 
& Riegman 1996). Furthermore, large 
cells sink faster than small cells, which 
increases the probability of encountering 
nutrient patches and are advantageous in 
deep mixed water columns. During strati-
fication, however, it is a disadvantage be-
cause the probability of sinking out of the 
euphotic layer increases.
According to both theory and observa-
tions, the species with the highest affinity 
for the limiting nutrient will be the best 
competitor during steady state growth, i.e. 
having stable stoichiometric composition, 
and the outcome of competition between 
several species will be one species remain-
ing (Titman 1976, Tilman 1977, Kilham 
1978, Passarge & Huisman 2002). This 
principle of competitive exclusion is a core 
paradigm in ecology (Gause 1934, Hardin 
1960). However, natural plankton commu-
nities are often more diverse than expect-
ed; there is ‘the paradox of the plankton’ 
(Hutchinson 1961). Nature, of course, is 
more complex than one limiting factor sup-
plied at steady state; consequently aquatic 
ecosystems are generally more competitive 
chaos (Huisman & Weissing 1999, Sommer 
1999), where nutrient uptake strategies are 
an important part of the biotic factors shap-
ing the various ecological niches. Although 
nutrient uptake and stoichiometric require-
ments of individual phytoplankton species 
are important for competition between spe-
cies, very little is known about these as-
pects for winter and spring phytoplankters 
in the Baltic Sea.
Many photosynthetic organisms are able 
to take up organic molecules or prey on 
other organisms, and the ability to utilize 
both autotrophic and heterotrophic feeding 
is termed mixotrophy. Mixotrophy serves 
as an alternative to inorganic nutrients, 
but is often more costly metabolically to 
utilize compared with uptake of inorganic 
nutrients (Hansen et al. 2000). Particularly 
among dinoflagellates mixotrophy seems to 
be widespread (Stoecker 1999), and there is 
a gradient of the dependence of mixotrophy 
as an alternative to photosynthesis (H. L. J. 
Jones 1997, R. I. Jones 2000). Mixotrophy 
has been suggested to be a strategy for some 
of the dinoflagellates in the Baltic Sea (Olli 
et al. 1998), but there is no direct evidence 
of this in the literature.
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1.4.4. pH
In lakes, pH is well known as an important 
parameter affecting the biota (e.g. Wetzel 
1983). In marine environments, on the 
other hand, the high concentration of 
inorganic carbon functions as an effective 
buffer against changes in pH. Traditionally, 
pH has not been considered important in 
marine ecosystems, but it has started to 
receive more attention. During periods 
of high primary production the pH can 
raise considerably even in salt water, and 
high pH in marine ecosystems may affect 
heterotrophic protists (Pedersen & Hansen 
2003a), macroalgae (Menéndez et al. 2001) 
and phytoplankton (Pedersen & Hansen 
2003b, Lundholm et al. 2004, Havskum 
& Hansen 2006, Møgelhøy et al. 2006). 
Rising pH, due to high biological activity, 
might function as a driving force for species 
succession, as some phytoplankton species 
are more tolerant to high pH than others 
(Goldman et al. 1982, Hansen 2002). The 
main reason for raising pH during primary 
production is the photosynthetic fixation 
of carbon dioxide, which is a weak acid 
when dissolved in water. There are also 
other biological mechanisms that alter 
the pH to a lesser degree. For example, 
the uptake of nitrate raises the pH while 
uptake of ammonium lowers it (Fogg & 
Thake 1987). There are several ways in 
which high pH might affect the growth of 
algae. First, the amount of dissolved carbon 
dioxide decreases with increasing pH, 
as the chemical equilibrium of inorganic 
carbon shifts towards the bicarbonate and 
carbonate forms. This, in turn, may drive 
primary production into carbon limitation 
(Riebesell et al. 1993). Second, high 
pH may cause alterations in membrane 
transport processes and regulation of the 
intracellular pH resulting in reduced growth 
rate (Smith & Raven 1979). Third, changes 
in pH might alter the cellular composition 
of amino acids, which possibly affects 
growth rate (Taraldsvik & Myklestad 2000). 
Finally, elevated pH in seawater lowers the 
availability of nutrients such as phosphorus 
and trace metals (Clark & Flynn 2000, 
Sunda et al. 2005); thus rising pH can lead 
to nutrient limitation.
In addition to high pH, low pH has also 
recently received much attention as a factor 
that may influence growth in marine envi-
ronments. The CO2 level in the atmosphere 
is increasing, and much of this CO2 dis-
solves in the ocean, which lowers pH. This 
can be a problem in particular for calcare-
ous phytoplankton as low pH slows down 
the calcification process (Riebesell et al. 
2000).
The pH increases during the spring 
bloom in the Baltic Sea (Niemi 1973). How-
ever, pH has generally received little atten-
tion, and there are no reports of high pH 
as a factor that may influence primary pro-
ductivity or the phytoplankton community 
in the Baltic Sea.
2. OBJECTIVES
I had two objectives for this thesis. The first 
objective was to describe basic physiological 
and ecological characteristics of the main 
cold-water diatoms and dinoflagellates in 
the Baltic Sea. This was achieved by specific 
studies of: (1) seasonal vertical positioning in 
the water column (paper I), (2) dinoflagellate 
life cycle (papers I & II), (3) mixotrophy 
(paper II), (4) primary production, respiration 
and growth (papers III, IV & V) and (5) 
silicate uptake (paper IV).
The second objective was to discuss the 
ecological niche and life strategy of the ex-
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amined species based on the primary data. 
Thus providing further steps towards better 
understanding of what determines the spe-
cies composition during the spring bloom 
in the Baltic Sea. The latter point is very 
important for understanding the pathways 
of nutrient cycling and consequently of the 
indirect effects of eutrophication on the 
Baltic Sea ecosystem.
3 STUDY AREA
The Baltic Sea (Fig. 4) is one of the world’s 
largest brackish water bodies. It is almost 
completely surrounded by land, and there 
are more than 200 rivers flowing into 
it, providing a positive water balance. 
The narrow Danish Straits make the only 
connection to the world’s oceans. The 
combination of relatively high salinity water 
entering the Baltic Sea in the south, and 
large inflow of freshwater, creates a south-
north salinity gradient, and the Baltic Sea is 
functionally much like a large estuary.
Although much of my work has been 
within the boundaries of a laboratory, the 
field-work of this thesis (I and IV) have tak-
en place at the SW coast of Finland (Fig. 4). 
Moreover, the cultures used in this study 
originate from this area. The area is charac-
terized by different water masses from the 
Gulf of Finland, archipelago zone and less 
saline water originating from river Svartån. 
The water movements are for the most part 
meteorological driven, and there is a gen-
eral westward coastal surface current. The 
salinity in the areas is typically 5 to 6 psu. 
More detailed hydrographical descriptions 
of the area can be found in Niemi (1973, 
1975).
The probability of ice coverage during 
winter in this area is ~90%, and the ice 
thickness may reach 50-60 cm (Mälkki & 
Tamsalu 1985). The Chl a concentration 
reaches its annual maximum during the 
spring bloom, reaching up to 50 µg Chl a 
L-1, and the Chl a maximum during 1987-
2004 has generally been higher compared 
to the period 1972-1980 (Fig. 5). Howev-
er, the Chl a concentration during spring 
bloom has decreased in the latter part of the 
x
Figure 4. Map of the Baltic Sea and Gulf of Finland. Längden sampling station is marked with ‘x’.
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Figure 5. Chlorophyll a (Chl a) concentrations from 
Längden sampling station (Fig. 4). The data points 
are integrated from the periods 1972-1980 and 1987-
2004. Monitoring data from Längden sampling sta-
tion, Finnish Environment Institute.
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Figure 7. Light penetration (A) and Secchi depths 
(B) at Längden sampling station. Light penetration 
was measured during the spring of 2000 (19.4, 9.5 
and 23.5). Light measurements were obtained with 
a Li-Cor spherical light meter. Incoming irradiance 
is typically ~1 500 µmol photons m-2 s-1 at noon on 
a clear day. Secchi depths are integrated measure-
ments from the period 1987-2004. Monitoring data 
from Längden sampling station, Finnish Environ-
ment Institute.
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Figure 6. Biomass of the most common cold-water diatoms: Chaetoceros sp (mainly C. wighamii and C. 
danicus), Pauliella taeniata, Skeletonema costatum, Thalassiosira sp. (mainly T. baltica and T. levanderi) 
and dinoﬂ agellates: Woloszynskia halophila and Peridiniella catenata integrated from the period 1990-
2006. Samples were taken from surface water (integrated 0-10 m depth). Note the difference of scale be-
tween species. Monitoring data from Längden sampling station, Finnish Environment Institute.
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Redrawn from paper I.
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1987-2004 period (Raateoja et al. 2005). Bi-
omass of the dominating spring bloom spe-
cies is presented in Fig. 6, and the dinoflag-
ellate Woloszynskia halophila is the species 
producing the highest amount of biomass. 
The light attenuation is generally high and 
the euphotic zone, defined as the depth with 
1% of surface irradiance, is typically 7-9 m 
during spring and the Secchi depth is 2-8 m 
(Fig. 7). Mixing depth is temporally highly 
variable, but there is a general decreasing 
of mixing depth during spring, and there is 
normally not complete mixing of the whole 
water column after beginning of May (Fig. 
8). Fig. 9 shows an example of vertical and 
temporal development of temperature, sa-
linity and nutrients (NO3 and PO4) during 
the spring of 2000 at the Längden sampling 
station. Typical winter values of nutrients 
are >7 µmol NO3 L
-1, >0.7 µmol PO4 L
-1 
and dissolved silicate (DSi) >12 µmol DSi 
L-1 (Fig. 10). Concentrations of DSi much 
above 20 µmol L-1 is most probably due to 
influence of freshwater form the Pojo estu-
ary.
4. METHODS
4.1. General ﬁ eld and culture work – 
all papers
I used a Niskin bottle (Limnos) for 
collecting water in the field from discrete 
depths. Salinity and temperature profiles 
were obtained with a CTD Plus 100 meter 
(Sis-Fieldsoft). Light was measured with a 
spherical light collector connected to a light 
meter (see papers for details). Samples for 
phytoplankton enumeration were preserved 
with acid Lugol’s solution and stored cool 
and dark before counting under an inverted 
microscope. For natural communities I used 
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Figure 10. Concentration of dissolved inorganic ni-
trogen (DIN), PO4 and SiO2 at 1 m depth, Längden 
sampling station integrated from the period 1990-
2006. Monitoring data from Längden sampling sta-
tion, Finnish Environment Institute. 
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the settling chamber method of Utermöhl 
(1958), and for culture work I counted 
phytoplankton in 1 ml Sedgewick-Rafter 
chambers.
The cultures used in this study have been 
isolated from single cells or cysts originat-
ing from the sediment (30 m depth). I have 
used a modified f/2 as growth medium 
(Guillard 1975). The cultures have been 
kept in 50, 250 or 500 ml tissue culture 
(TC) flasks. Cultures have been maintained 
in a temperature controlled room at 2 to 
4°C, and in a controlled light environment 
(papers II-V).
Inorganic nutrients were measured ac-
cording to standard oceanographic methods 
(Grasshoff et al. 1983). For preparation of 
particulate carbon (POC), nitrogen (PON) 
and phosphorus (POP) samples, I used GF/F 
filters. For biogenic silicate (BSi) determi-
nations samples were filtrated onto 0.8 µm 
polycarbonate filters. Filters for particulate 
nutrients were allowed to dry and stored 
at room temperature (20 °C) until nutrient 
determination. POC and PON were meas-
ured with a mass spectrometer (Europa 
Scientific ANCA-MS 20-20). POP was de-
termined according to Solórzano & Sharp 
(1980). The filters for BSi determinations 
were digested using methods of Krausse et 
al. (1983). Briefly, the polycarbonate filters 
were placed directly into the digestion ves-
sel (a plastic scintillation vial) and samples 
were leached with NaOH in a boiling water 
bath, neutralized with HCl, and analyzed 
directly for dissolved silicate (DSi) using 
standard colorimetric procedures (Grass-
hoff et al. 1983).
For chlorophyll a (Chl a) concentration, 
water samples were filtered onto GF/F fil-
ters and Chl a was extracted in 10 ml, 96% 
ethanol (Jespersen & Christoffersen 1987) 
and stored for 24 h in room temperature, or 
alternatively for longer periods in a deep-
freezer (-20°C), before determination using 
a spectrofluorophotometer (see papers for 
details), calibrated against pure Chl a (Sig-
ma). pH was determined with a pH meter 
(Schott Geräte).
The presented growth rates are based on 
cell counts and calculated according to the 
following equation:
µ = (ln(Nt) – ln(N0)) / dt  Eq 1
where µ is the growth rate d-1, Nt is 
concentration of biomass at time t in days, 
N0 is the initial biomass at time 0, and dt is 
the time interval between t0 and t in days. 
The µ units may be changed by using the 
equations:
G = ln 2 / µ and K = µ / ln 2,   Eq 2 and 3
where G is generation time in d division-1, 
and K have the units divisions d-1.
4.2. Sediment trap – paper I
Sediment traps were deployed vertically 
at 20, 30 and 40 m depths. The traps (KC 
Denmark) consisted of duplicate cylinders 
on each depth. The cylinders had an internal 
diameter of 72 mm and an aspect ratio of 
6:1. They were mounted in a gimballed 
frame equipped with a vane in order to 
keep the cylinders vertically positioned at 
right angle to the current. The traps were 
emptied in weekly intervals from mid April 
to mid June 2000. No preservatives were 
used in the traps in order to prevent an 
overrepresentation of vertically migrating 
micro-organisms in the actual vertical 
fluxes (Olli et al. 1998). In the Northern 
Baltic Sea this induces a greater error than 
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the decomposition of organic material in the 
traps (Heiskanen 1995). The samples were 
resuspended in a known volume of water, 
and the cyst numbers were determined in 2 
ml aliquots under an inverted microscope.
4.3. LAP determinations – paper II
The measurements of extracellular leucine 
aminopeptidase (LAP) were conducted in 
three replicates, and the sub-samples (1 
ml) were collected into disposable semi-
UV cuvettes. LAP measurements were 
carried out with the modified method 
described by Stoecker & Gustafson (2003) 
using the Sigma chemical: L-leucine 7-
amido-4-methyl-coumarin (Leu-AMC) 
(Sarath et al., 1989) as a substrate (98µM 
final concentration). The samples were 
incubated in the dark at 3ºC up to four 
hours. The reaction was terminated with 
10% dodecyl sulfate after which the 
fluorescense determined with Jasco FP-750 
spectrofluorometer. The standard curve was 
determined for concentrations 0-2.5µM 
of 7-amino-4-methyl-coumarin (AMC) 
(Sigma Chemical) in sterile water. Culture 
without added substrate was used as a 
control of the background fluorescence, and 
filtered culture (2µm polycarbonate filters, 
Osmonics) was used in order to separate 
the LAP activity of the S. hangoei (>2µm) 
from the bacterial LAP activity (<2µm).
4.4. Pigments and absorption – paper 
III and unpublished results
Samples for pigment determinations 
and light absorption were filtrated on 
GF/F filters (Advantec GF 75). Pigment 
concentrations were determined using 
the HPLC technique. Water samples were 
gently filtered onto 25 mm GF/F filters 
and immediately stored in liquid nitrogen 
until extraction. Filters were subsequently 
transferred to syringes with 2.5 ml methanol 
placed in a beaker with ice, sonicated for 
30 s using a Vibra-cell sonicator equipped 
with a 3 mm diameter probe operating at 
80 % in 5 s pulses (Wright et al. 1991). 
The extract was filtered through a 0.2 µm 
PFTE syringe filters into HPLC-vials and 
diluted with water to a final concentration 
of 80 % immediately before the injection 
of 100 µl sample. HPLC analyses were 
performed on a Shimadzu LC 10A system 
with a Supercosil C18 column (250 × 4.6 
mm, 5 µm) using a Shimadzu SPD-M10 
AVP diode-array detector and a Shimadzu 
RF-10 AXL fluorescence detector. 
Pigments were identified and quantified 
through comparison with known pigment 
standards, purchased from DHI Water and 
Environment, Hørsholm, Denmark.
Filters for measuring light absorption 
by phytoplankton were stored in liquid ni-
trogen and measured within a month from 
the filtration day. Spectral absorption (300 
to 800 nm by 0.5 nm) was detected us-
ing a spectrophotometer (Shimadzu UV-
2401PC), and the absorption value of a 
blank filter was subtracted.
4.5. Primary production and respiration 
– papers II, III and V
I have calculated primary production both 
by determining the incorporation of 14C 
(Steeman-Nielsen 1952, Markager et al. 
1999) and production of oxygen. Oxygen 
production was determined by automated 
Winkler titration (Williams & Jenkinson 
1982) (paper II & V) and by an optical 
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oxygen sensor (paper III) (Fibox 3, Presens 
GmbH). The PE relationship was examined 
by fitting the function (Platt et al. 1980):
P = Ps[1-exp(-αE/Ps)exp(-βE/Ps)] Eq 4
to the obtained data, where P is production 
(mol X mg-1 Chl a h-1, where X is C fixed 
or O2 produced), Ps is the maximum 
potential production in the absence of 
photoinhibition, E is irradiance in µmol 
photons m-2 s-1, α is the initial slope and β 
is the slope of the curve beyond the point 
of photoinhibition. At light saturation, the 
maximum photosynthetic rate (Pm) is:
Pm = Ps[(α/(α+β))(β/(α+β))]^(β/α) Eq 5
In cases without photoinhibition the PE 
relationship has been calculated according 
to Webb et al. (1974):
P = Pm (1-exp(-αE/Pm))  Eq 6
The units for the different primary 
production parameters are presented in 
Table 2. 
Table 2. Units and deﬁ nitions of symbols used in text, following the recommendations of Sakshaug et al. 
(1997). X denotes either O2 produced or C ﬁ xed
Symbols Units:
Kd = attenuation coefﬁ cient m
-1
ac = carbon speciﬁ c absorption m2 (mol C)-1
a* = chlorophyll speciﬁ c absorption  m2 (mg chl a)-1
Ec = compensation point µmol photons m
-2 s-1
µ = growth rate d-1
K = growth rate divisions d-1
α = maximum light utilization coefﬁ cient mol X m2 (mg Chl a)-1 (mol photons)-1
φmax = maximum quantum yield mol X (mol photons)
-1
Pm = photosynthetic maximum µmol X (mg Chl a)
-1 h-1
PQ = photosynthetic quotient mol O2 (mol C)
-1
R = respiration mol O2 (mol C)
-1 d-1 
4.6. Nutrient uptake – paper IV
When analyzing the nutrient uptake, I 
have used the following modified Monod 
function (paper IV): 
V = Vm * (S – Smin) / [Ks + (S – Smin)] Eq 7
where V is the uptake (mol nutrient biomass-
unit-1 time-unit-1), Vm is maximum uptake, S 
is the concentration of nutrient in µmol L-1, 
Smin is the nutrient concentration at which the 
uptake stops (µmol L-1), and Ks is the half-
saturation point: the concentration of the 
limiting nutrient, in µmol L-1, at which the 
uptake is half of the maximum (V = Vm / 2). 
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4.7. Electron transport – unpublished 
results
Pulse amplitude modulation (PAM) 
measurements were carried out using a 
diving PAM (Heinz Waltz GmbH). The 
measurements were conducted on cultures 
of Chaetoceros wighamii, Melosira arctica, 
Thalassiosira baltica and Scrippsiella 
hangoei acclimated to 20 and 70 µmol 
photons m-2 s-1 (12:12 L/D cycle). Right 
before the PAM measurements, I took 
samples for determination of photosynthetic 
pigments and Chl a specific absorption. 
The cells were dark-acclimated for one 
hour before the PAM measurements 
started. The measurement took place in 
250 ml Erlenmayer bottles with magnetic 
stirring. The fiber-optical cable was 
placed inside the bottle, and the bottle was 
subsequently covered with aluminum foil 
to prevent ambient light from disturbing the 
measurements. Actinic light was provided 
by the diving PAM, and the irradiance for 
each step were determined with a light 
meter. Intervals of 2 min were used for 
each step in actinic light. The effective 
PSII quantum efficiency (Fq’ / Fm’) was 
calculated according to the equation:
φp = (F’m – F)/F’m   Eq. 8
were F is the steady-state fluorescence 
and F’m is the maximal fluorescence 
obtained after a flash of saturating light. 
The photosynthetic electron transport rate 
(ETR) can be calculated from the equation 
(Genty et al. 1989, Hofstraat et al. 1994):
ETR = φp σa E0(PAR)   Eq. 9
where σa is the absorption cross section 
of photosystem II (PSII), nm2 multiplied 
with number of PSII, and E0(PAR) is 
the scalar irradiance of photosynthetic 
active radiation. I did not measure the 
absorption cross section of PSII, so I used 
the Chl a specific absorption and made the 
assumption that half of the light absorbed 
by Chl a is channelled to PSII, thus (Gilbert 
et al. 2000):
ETR = φp 0.5a
* E0(PAR)  Eq. 10
where a* is the Chl a specific absorption. 
4.8. Mesocosm experiment – unpub-
lished results
Tanks of 80 liters were filled with sea water 
from the ice edge on SW coast of Finland (Fig. 
4), before the initiation of the spring bloom in 
2003 and 2004. The water was pre-screened 
through a net with 100 µm mesh size in order 
to remove any large zooplankton. Otherwise 
the water contained the natural plankton 
community. The tanks were placed inside 
a temperature controlled room keeping the 
temperature at 4°C. Light was provided by 
daylight spectrum fluorescent tubes (Philips) 
hanging directly above the tanks, and a 12:12 
Light/Dark cycle was used. The tanks were 
gently bubbled with air in order to keep 
low level of turbulence and ensuring CO2 
saturation. Different nutrient concentrations 
(N + P, Si and N + P + Si) were added, in 
addition to a control unit without any nutrient 
addition. All nutrient additions are presented 
in Table 3. The first samples were taken 
immediately after the experiment setup, and 
sampling was, with a few exceptions, carried 
out two to three times a week. The tanks 
were stirred prior to the sampling in order to 
homogenize the water. 
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Table 3. The initial nutrient concentration of the tank experiments in 2003 
and 2004. All values in µg L-1.
2003 Control +N, P +Si +N, P, Si
NO3 40.6 189.6 38.6 201.2
PO4 5.9 35.5 5.9 36.2
DSi 308 308 736 736
2004  Control +N, P +Si +N, P, Si
NO3 87.4 273.8 87.7 263.3
PO4 32.9 63.1 33.2 62.8 
DSi 483.9 490.4 838.4 836.4
5. RESULTS AND DISCUSSION
5.1 Basic properties
5.1.1. Size and growth
The dominating cold-water phytoplankters 
in the Baltic Sea have very different 
basic properties such as size and growth 
characteristics (Tables 4 and 5, papers I-V). 
The diatoms are smaller than the dominating 
dinoflagellates, and have consistently 
higher maximum growth rates (Table 4), 
which seems to be a general phenomenon 
(Taylor & Pollingher 1987, Smayda & 
Reynolds 2003). The carbon content per 
cell varied with the physiological and 
nutrient status of the cells, and generally 
the carbon content increased when growth 
slowed down (Table 4).
5.1.2. Stoichiometry
All stoichiometric relationships in 
the cultures show that the amount of 
phosphorus is higher than the Redfield 
ratio of N:P = 1:16. There are two potential 
mechanisms leading to a low N:P ratio: (1) 
the uptake and storage of excess phosphate, 
i.e. luxury consumption (Sterner & Elser 
2002) and (2) a high proportion of growth 
machinery (RNA), which has a low N:P. 
As a consequence of the latter point, fast 
growing phytoplankters have a lower N:
P ratio than 1:16 (mol:mol) (e.g Sterner 
& Elser 2002, Arrigo 2005). The N:P ratio 
seems to be similar for the diatoms and the 
slower growing W. halophila, but they were 
grown in P replete media, which makes it 
hard to conclude about the optimal N:P ratio 
for different species. Investigations of N:P 
ratio in continuous cultures with different 
N:P inflow would give better grounds for 
comparing this.
The average C:Si ratio for diatoms dur-
ing exponential growth was 20 mol C mol-1 
Si for the examined species (Table 4). M. 
arctica, D. tenuis and N. frigida had the 
highest degree of silicification while C. 
wighamii, P. taeniata and T. baltica were 
the least silicified species. There was a gen-
eral trend of increasing C:Si ratio when the 
cultures reached the stationary phase (pa-
per IV), but there were differences in this 
pattern between the species. The C:Si and 
N:Si ratios changed relatively little between 
the exponential growth and stationary 
phase for D. tenuis and N. frigida, which 
might be an indication of these species be-
ing obligatory highly silicified. M. arctica 
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Table 5. The pigment and carbon content in pg cell-1 of Chaetoceros wighamii, Melosira arctica, 
Thalassiosira baltica, Scrippsiella hangoei, Woloszynskia halophila and Peridiniella catenata at different 
light acclimation (units of light: µmol photons m-2 s-1). The chlorophyll a (Chl a) concentration was 
determined with a spectroﬂ urometer, other pigments with high pressure liquid chromatography (HPLC). 
HPLC measurements were not conducted for W. halophila and P. catenata. Unpublished data.
Light acclimation: 0 ~20 ~40 ~70
C. wighamii
Chl a 1.23 1.52 1.63 1.54
Chl c 0.16 0.18 0.23 0.22
Fucoxanthin 0.11 0.18 0.18 0.15
Diadinoxanthin 0.02 0.03 0.04 0.03
C 33.11 47.27 52.98 54.40
C: Chl a (weight units) 26.92 31.10 32.50 35.19
M. arctica
Chl a 5.37 5.80 4.05 3.89
Chl c 0.78 0.85 0.54 0.54
Fucoxanthin 1.87 2.05 1.38 1.36
Diadinoxanthin 0.20 0.22 0.19 0.28
C 124.29 135.83 126.37 144.26
C: Chl a (weight units) 23.15 23.42 31.20 37.08
T. baltica
Chl a 9.88 21.91 23.67 21.15
Chl c 1.07 2.51 2.88 2.36
Fucoxanthin 4.22 8.99 10.32 8.57
Diadinoxanthin 1.47 1.31 1.81 2.78
Diatoxanthin 0.07 0.09 0.06 0.17
b-caroten 0.19 0.24 0.34 0.35
C 509.24 614.01 688.77 507.42
C: Chl a (weight units) 51.54 28.02 29.10 23.99
S. hangoei
Chl a 25.60 36.40 30.25 24.45
Chl c 7.13 10.13 8.94 6.88
Peridinin 11.29 16.03 13.95 11.10
Violaxanthin 0.54 0.79 0.69 0.57
Diadinoxanthin 3.86 4.65 4.44 4.40
C 1218.32 1221.33 1027.30 1073.27
C: Chl a (weight units) 47.59 33.55 33.96 43.90
W. halophila
Chl a 42.37 37.39 20.43 20.81
C 1147.94 905.55 592.83 529.59
C: Chl a (weight units) 27.09 24.22 29.02 25.44
P. catenata
Chl a nd nd nd 27.6
C nd nd nd 1599.0
C: Chl a nd nd nd 57.9
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and C. gracilis were also highly silicified 
during the exponential growth, i.e. before 
dissolved silicate (DSi) depletion, but their 
C:Si and N:Si ratios increased considerably 
after silicate uptake had ceased. The results 
suggest that M. arctica and C. gracilis have 
a more flexible (C, N):Si ratio compared 
to D. tenuis and N. frigida. The much used 
molar N:Si ratio of 1 (Brzezinski 1985, Le-
vasseur & Therriault 1987), as a standard 
for diatom silicate demand is too low for the 
examined species with the exception of N. 
frigida. All the other species had N:Si ratio 
above 1, and a N:Si ratio of 2-3 seems to 
be more appropriate (Table 4, paper IV), in-
dicating that the Baltic cold-water diatoms 
are in general less silicified than the “Red-
field-Brzezinski” diatom. This higher N:Si 
ratio has also been found in other diatoms, 
e.g. Chaetoceros socialis (Kudo 2003).
The C:Chl a ratio for the Baltic Sea dino-
flagellates does not seem to be much higher 
than of competing diatoms (Table 5), per-
haps with the exception of P. catenata. The 
C:Chl a ratio is highly variable between dif-
ferent phytoplankton species, and is in the 
range 10-200 on weight basis (Falkowski 
& Raven 1997). Furthermore, this ratio is 
not static and varies with light and to some 
degree nutrient availability. Variability in 
the C:Chl a ratio provides a proxy for the 
amount of resources allocated towards pho-
tosynthesis. However, it is not an absolute 
measure, as for instance cyanobacteria 
generally have high C:Chl a ratio due to 
higher reliance on accessory pigments for 
light harvesting, compared with many oth-
er phytoplankton groups. Dinoflagellates 
have generally higher C:Chl a ratio than 
diatoms, and this has been suggested to 
reduce the growth rates in dinoflagellates 
(Tang 1996). However, as the result show 
little difference in C:Chl a ratio, this cannot 
be the explanation for the large discrepancy 
in growth capacity between the two groups 
in the Baltic Sea.
5.1.3. Pigments
The ratio between Chl a and photoprotective 
pigments was negatively correlated with 
increasing cell size between C. wighamii, 
M. arctica, T. baltica and S. hangoei (Table 
5, paper III), suggesting that large cells 
need less photoprotection in the applied 
light intensity (20-70 µmol photons m-2 s-1). 
The ratio between chlorophylls (a+c) and 
carotenoids was higher in C. wighamii 
compared with the rest of the species, perhaps 
reflecting less dependence on accessory 
pigments in C. wighamii. Violaxanthin 
was detected in S. hangoei, contrary to 
the traditional view that dinoflagellates 
are lacking this pigment (Jeffrey & Vesk 
1997). This might be a misidentification, 
as the elution time of violaxanthin (using 
HPLC method) lies close to the known 
dinoflagellates pigment dinoxanthin. 
However, there is experimental evidence 
suggesting that violaxanthin is a common 
precursor for many carotenoids, and that 
this pigment could be present in various 
amounts in diatoms and dinoflagellates 
(Lohr & Wilhelm 1999, 2001).
5.2. Life cycle
The encystment of P. catenata was studied 
during spring 2000 (paper I). The spring 
bloom that year was characterized by 
relatively equal distribution of diatoms 
and dinoflagellates in terms of biomass. 
The peak of the spring bloom was reached 
when nitrate was depleted, and a week later 
cysts of P. catenata started to appear in the 
sediment traps. Initially, cysts were only 
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Figure 11. Biomass composition of diatoms and dinoﬂ agellates in mesocosm experiments with initial natu-
ral phytoplankton community. The graphs show the biomass at the initiation of the experiment (left column) 
and at the chlorophyll a (Chl a) maximum (right column) and they were done in 2003 (top row) and 2004 
(bottom row). The light was ~40 µmol photons m-2 s-1, 12:12 L/D cycle and temperature was 4°C. Initial 
nutrient concentrations for the 4 treatments are presented in Table 1. Unpublished data.
found in the deepest sediment traps (at 30 
and 40 m depth), and the results indicated 
that a considerable, if not a major, fraction 
of the cysts of P. catenata were produced 
in deeper water layers (>20 m depth). 
This could be due to active migration 
downwards before encystment took place. 
There are several factors that could be 
beneficial for encystment in deeper water 
layers compared to the euphotic zone. One 
factor is the concentration of inorganic 
nutrients, and there is less wind-driven 
turbulence. Production of resting stages or 
cysts is in general a costly process (Fryxell 
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1983), and there must be a minimum 
nutrient requirement for this process to 
take place successfully. Encystment in 
nutrient-replete, deep water would be a 
solution to that problem, and this might be 
the reason why the cysts of P. catenata are 
highly viable (Kremp 2000). Ecologically 
such a strategy would be beneficial because 
the inoculum for the next season would 
not be dependent on encysting within 
the narrow time window before nutrients 
become completely exhausted. Deep-
water encystment of P. catenata potentially 
increases the probability of survival, which 
could make them better adapted than diatom 
resting spores produced in the euphotic 
zone after nutrient depletion.
In paper II we described a new tempo-
rary resting cyst of S. hangoei that started to 
appear in culture after a week in darkness. 
This transformation involved the shredding 
of the flagella and theca, and the respira-
tion rate increased by an order of magni-
tude during this transformation. When the 
temporary cyst had been produced the res-
piration rate dropped to almost undetect-
able levels (paper II). This species can be 
found in Baltic sea-ice, and the described 
life cycle stage is potentially an adaptation 
to overcome long periods in dark within 
the ice habitat. Contrary to many reports 
of temporary cysts in dinoflagellates (e.g. 
Anderson & Wall 1978), the formation of 
the temporary cyst in S. hangoei was not a 
rapid response to an unfavorable condition, 
but rather a long-term response to darkness. 
Ecologically, it would not be a good strat-
egy to initiate temporary cyst production, 
at high metabolic cost, after short time in 
darkness, because short periods of dark-
ness are probably frequent during winter. 
However, after longer time in darkness 
(>5 days) a critical point is reached and the 
cells start to transform into resting cells. 
The temporary cyst was viable for up to 
two years. However, S. hangoei also makes 
thick walled cyst (Kremp & Parrow 2006), 
and this life cycle stage is probably more 
robust for benthic survival from one year to 
the next. The two resting stages are induced 
by different triggers, the temporary resting 
stage by darkness, and the thick walled cyst 
by increased temperature. The different 
triggers may differentiate between differ-
ent purposes of the resting stages, e.g. the 
temperature trigger ensures that the thick-
walled cyst is made in spring as the benthic 
survival stage.
In the mesocosm experiment (Fig 11), 
diatoms were dominating in 2003 while 
dinoflagellates were dominating in 2004. 
Examining the growth rates revealed little 
or no species specific difference between 
the years. The diatoms had growth rates of 
0.15-0.36 divisions d-1 while dinoflagellates 
had growth rates of 0.07-0.13 divisions d-1. 
Consequently, diatoms would win the com-
petition in the long run. However, in the 
dinoflagellate dominated year, the relative-
ly high initial concentration of dinoflagel-
lates enabled them to maintain a dominant 
position for 2-3 weeks until nutrients were 
exhausted. The results suggest that life cy-
cle transitions, i.e. seeding population, and 
build up of a winter population (paper V), 
is an important factor for determining the 
amount of dinoflagellate biomass built up 
during spring bloom.
5.3. Motility
The finding of specific depth maxima of 
P. catenata before stratification (paper 
I), indicate that swimming allow some 
positioning abilities even in a well mixed 
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water column for this species. Additionally 
this species seems to have different seasonal 
vertical positioning with deeper maxima as 
spring progresses (paper I, Höglander et al. 
2004). The swimming speed of P. catenata 
chains (~28 m d-1) is in the high end  of 
recorded dinoflagellate swimming speeds 
(Levandowsky & Kaneta 1987, Spilling 
2001), and formation of chains enhances the 
swimming speed (Fraga et al. 1989, Spilling 
2001). Additionally P. catenata is known to 
perform diurnal vertical migration (DVM) 
(Passow 1991, Heiskanen 1995, Olli et al. 
1998).
Motility is not a universal trait among 
phytoplankton, and although some dia-
toms can move by mucus excretion, it does 
not provide as effective propulsion as the 
dinoflagellate flagella (van den Hoek et al. 
1995). Motility has three main advantages: 
(1) it increases the flow rate of water across 
the cell wall, which decreases the boundary 
layer and consequently reduces the diffu-
sion time of vital molecular constituents, 
such as CO2, NO3 etc, across the boundary 
layer (Sommer 1988); (2) it enables posi-
tioning in the water column in order to op-
timize the light environment, i.e. prevents 
sedimentation out of the euphotic zone, and 
(3) vertical migration during stratification 
allows exploitation of nutrient rich, deep 
water-layers before returning to the eu-
photic zone (Eppley et al. 1968, Raven & 
Richardson 1984, Jones 1988, Ault 2000). 
Broekhuizen (1999) used a model to study 
how motility affects the competition be-
tween dinoflagellates and diatoms, and 
concluded that dinoflagellates have to be 
highly motile in order to compete against 
diatoms. The ability to perform DVM and 
high swimming speed of P. catenata sug-
gests that motility is a key strategy for the 
success of this species. S. hangoei and W. 
halophila are also able to swim but they do 
not perform DVM, and this has been sug-
gested to be caused by different niche strat-
egies (Olli et al. 1998).
5.4. Metabolic activity
5.4.1. Photosynthesis
The photosynthetic rates were lower in 
dinoflagellates compared with diatoms. 
Results presented in paper III and V revealed 
that carbon assimilation rates were >30% 
lower for S. hangoei and W. halophila 
compared with the examined diatoms, 
which also was reflected in the lower growth 
rate in these species (Figs. 12 and 13, paper 
III). The smallest diatoms (C. wighamii and 
M. arctica) had, as expected, higher light 
absorption and light utilization coefficient, 
but there was little difference between the 
larger T. baltica and the dinoflagellates. The 
main difference between the diatoms and 
dinoflagellates was that the latter group had 
a lower photosynthetic maximum and higher 
respiration rate. Interspesific differences in 
growth rates at specific irradiance have been 
suggested to be caused by variance in Chl 
a specific absorption (a*) and the C:Chl a 
ratio (Falkowski et al. 1985), but there were 
no great difference between algal groups and 
this cannot explain the observed difference 
in growth efficiency (paper III). Rather, the 
lower growth rates of dinoflagellates were 
a result of lower photosynthetic output and 
higher respiration rates.
The electron transport rate (ETR) was 
size-dependent for C. wighamii, M. arc-
tica, T. baltica and S. hangoei, with the 
smallest species (C. wighamii) having the 
highest transport rate (Fig. 14). This re-
lationship was also the same when ETR 
was calculated as relative rates (excluding 
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Figure 12. Percentage dark respira-
tion of gross oxygen production (bars), 
and photosynthetic maximum (points) 
calculated as carbon ﬁ xation for Chae-
toceros wighamii, Melosira arctica, 
Thalassiosira baltica and Scrippsiella 
hangoei. Error bars represent SD (n = 
4). Graph redrawn from paper III. 
Figure 13. The growth rate of the diatoms 
Chaetoceros wighamii, Melosira arctica 
and Thalassiosira baltica and the dinoﬂ ag-
ellates Scrippsiella hangoei and Woloszyn-
skia halophila growing at different irradi-
ance (12:12 L/D cycle, 4°C). Filled symbols 
indicate diatoms and open symbols indicate 
dinoﬂ agellates. Positive growth rate of C. 
wighamii in dark was due to cell divisions 
still taking place after 3 days in dark. Re-
drawn from paper III.
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Figure 14. Electron transport rate (ETR) 
for Chaetoceros wighamii (●, ○), Melo-
sira arctica (■, □), Thalassiosira baltica 
(♦, ◊) and Scrippsiella hangoei (▲, ∆), ac-
climated to 20 µmol photons m-2 s-1 (ﬁ lled 
symbols) and 70 µmol photons m-2 s-1 (open 
symbols) using 12:12 L/D cycle. ETR was 
calculated according to Eq. 10. Intervals of 
2 minutes were used for each step of the 
increasing actinic light. Unpublished data.
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the absorption in Eq. 10). The assumption 
made in Eq. 10 is only approximate as the 
division of absorbed light between PSII and 
PSI is not always 50:50, and it does not take 
into account the part absorbed by photo-
protective pigments (Suggett et al. 2004). 
Furthermore, it is assumed that absorption 
cross section of PSII (σa) is stable over the 
measuring period. Although there are un-
certainties, there is ground for comparing 
the ETR of the four species, as they were 
acclimated to the same light regime.
The point of photoinhibition was not 
reached even at the highest irradiance in 
the ETR measurements, which is necessary 
to ensure that the maximum ETR has been 
reached. However, comparing the high-
est irradiance, in the ETR measurement to 
the light saturation point from the O2 PE-
curves, suggests that the highest ETR value 
was close to maximum. The ratio between 
the highest ETR to the maximal gross O2 
production was 18.0 mol e- mol-1 O2 for 
C. wighamii; the other species had values 
of 5.7±1.0 (SD) mol e- mol-1 O2. The latter 
value seems reasonable as the theoretical 
minimum is 4 mol e- mol-1 O2 and most val-
ues are above this in marine environments 
(Falkowski & Raven 1997). The a* in C. 
wighamii was reasonable, and the very high 
estimated ratio of e- per O2 produced, in-
dicate a lower efficiency in O2 production 
per electron transported compared with the 
other species. This could for example be 
caused by cyclic electron flow around PSII, 
or the Mehler reaction (Prasil et al. 1996). 
Although the reason for the discrepancy 
between ETR and O2 production for C. 
wighamii remains unclear, this result and 
the higher Chl (a+c):carotenoid ratio in C. 
wighamii (Table 5) suggests that there are 
differences in photosynthetic antenna and 
photochemical electron cycling in this spe-
cies compared with the other diatoms and 
S. hangoei.
The maximum pH observed under the 
ice in paper V was 9.0, and a pH above 8.5 
was experimentally shown to limit carbon 
assimilation, and thus presumably also 
growth. The results indicate that the pH 
is a factor that can also regulate primary 
production in low light environments, and 
may potentially also affect the Pm after ice 
break (paper V). The pH is influenced by 
several factors in marine environments, 
but is mainly a function of CO2 uptake by 
algae, CO2 release through respiration and 
CO2 exchange between the atmosphere 
and adjacent water layers / masses. Paper 
V showed that pH may be a factor affect-
ing photosynthesis in limited areas even 
in marine, low light environments, but it 
is probably not a factor shaping the overall 
phytoplankton composition. However, the 
result stress the importance of measuring 
pH on a routine basis when doing any type 
work involving primary productivity even 
in marine environments.
5.4.2. Photoacclimation
Of the examined species in paper V (Table 
5), there was no general increase in Chl a 
content per carbon biomass with decreasing 
irradiance, and there was little change in the 
overall primary production characteristics, 
perhaps as a result of the relative narrow 
light range used (0-80 µmol photons m-2 s-1). 
T. baltica showed a clear trend towards 
increasing photoprotective pigments with 
increasing light levels (Table 5). The non-
photochemical fluorescence quenching 
(NPQ) was generally higher in the high 
light acclimated cultures of diatoms (results 
not shown) probably due to the increasing 
amount of photoprotective pigments with 
increasing irradiance (Dubinsky et al. 1986, 
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Fujiki & Taguchi 2002). S. hangoei showed 
no apparent difference in the NPQ between 
20 and 70 µmol photons m-2 s-1, and there 
was no change in photoprotective pigments 
within this light range. Furthermore for 
S.hangoei there was no change in the 
ETR between high and low light adapted 
cultures (Fig. 14), while for the diatoms 
the ETRs were 10-25% higher in the high 
light acclimated culture. This suggests 
that for S. hangoei there is no, or at least 
less, acclimation to light over the applied 
light range compared with the diatoms, 
which perhaps are better at fine tuning their 
photosynthetic antennae.
5.4.3. Respiration
The respiration rates of the Baltic Sea 
dinoflagellates were generally higher 
than the diatom respiration rates (Table 
6). For example, the percent of maximum 
gross production used for respiration was 
>50% higher in S. hangoei compared 
to the examined diatoms (Fig. 12). 
Dinoflagellate respiration rate, determined 
in situ during a W. halophila dominated 
bloom (winter 2006, paper V), was 1.4 
mol O2 mol
-1 C d-1, calculated using a C:
Chl a ratio of 26.4 (paper III), and is thus 
4 times higher than the average respiration 
rate obtained in culture. However, there 
Table 6. Photosynthetic, respiration and growth characteristics for Chaetoceros wighamii, Melosira 
arctica, Thalassiosira baltica Scrippsiella hangoei and Woloszynskia halophila For deﬁ nitions of symbols 
see Table 1, nd = not determined. Recreated from paper III.
Light acclimation     K        R           Ec           a*        a
c  O2  C φmax O2 φmax C     Pm O2    Pm C    PQ    PQ Pm    %R of Pm
(µmol P m-2 s-1)
C. wighamii 
         0            0.07     0.248      10.1     0.0158   5.2   0.000874    0.000444    0.0747    0.0380       253       197     2.0        1.4          11.9 
       21              0.27     0.187       9.6      0.0128   3.7   0.000907    0.000635    0.0940    0.0659       195       175     1.4        1.2            8.9 
       42             0.40     0.243     11.2      0.0151   4.1   0.001119    0.000679    0.1009    0.0613       281       230     1.7        1.3            9.4 
       60             0.68     0.280     12.5      0.0138   3.5   0.001376    0.000703    0.1330    0.0680       252       202     2.0        1.4            8.4 
   mean                     0.237     11.1      0.0139   3.8   0.001134    0.000672    0.1093    0.0651       243       202     1.7     1.4            9.7 
M. arctica 
         0             -0.09     0.209       6.3      0.0131   5.0   0.000812    0.000382    0.0849    0.0399       185      123     2.1        1.6          13.4 
       20             0.27     0.262       6.7      0.0152   4.6   0.001249    0.000545    0.1390    0.0607       222       131     2.3        1.9          15.4 
       42              0.36     0.494      11.0     0.0161   4.1   0.001314    0.000499    0.1237    0.0470       292       190     2.6        1.8            8.8 
       60             0.50     0.350      16.2     0.0103   2.2   0.000989    0.000789    0.1460    0.1166       290       198     1.3        1.7            8.3 
   mean                     0.369     11.3      0.0139   3.6   0.001184    0.000611    0.1362    0.0748       268       173     2.1     1.8          11.5 
T. baltica 
        0             0.00     0.274      25.9     0.0123   2.1   0.000904    0.000728    0.0986    0.0796       269       311     1.2        1.0          14.0 
      18             0.32     0.329      14.1     0.0074   1.9   0.000748    0.000583    0.1658    0.1294       197       179     1.3        1.3          10.7 
      43             0.42     0.171        6.5     0.0074   2.0   0.000851    0.000474    0.1787    0.0996       143       192     1.8        0.8          13.9 
      70              0.52     0.232      11.3     0.0109   3.5   0.000536    0.000380    0.0768    0.0545       118       137     1.4        1.0          15.4 
   mean                     0.244     10.6      0.0086   2.5   0.000712    0.000479    0.1404    0.0945       153       169     1.5     1.0          13.5 
S. hangoei 
        0             -0.13     0.264      39.6     0.0103   1.7   0.000459    0.000500    0.0684    0.0747       121       150     0.9        1.1          23.7 
      13            -0.01     0.454      30.3     0.0068   1.8   0.000544    0.000365    0.1075    0.0721       136         99     1.5        1.9          26.7 
      43             0.19     0.494      17.6     0.0106   2.4   0.000936    0.000448    0.1354    0.0648       160       117     2.1        1.9          27.9 
      70              0.30     0.210      17.2     0.0151   2.7   0.000668    0.000372    0.0675    0.0377       103         74     1.8        1.8          26.5 
   mean                     0.386     21.7      0.0108   2.3   0.000716    0.000395    0.1035    0.0582       133         97     1.8      1.7          26.2 
W. halophila 
        0           -0.30     nd                                                                0.000287                                                    51
      10              0.00     0.364                                                           0.000331                                                    62
      20             0.08     nd                                                                0.000203                                                    60
      40             0.16     0.328                                                           0.000245                                                    69
      80             0.17     0.388                                                           0.000217                                                    59 
            mean                     0.360                                                           0.000257                  60
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are larger uncertainties in the respiration 
rates obtained from natural community as 
it is not a monoculture and heterotrophic 
ciliates were present, albeit in low numbers. 
The obtained results are supporting the 
hypothesis that dinoflagellates in general 
have higher respiration rates than diatoms 
(Burris 1977, Falkowski & Owens 1978, 
Taylor & Pollingher 1987).
In this study (paper III), the respira-
tion rates were not clearly related to the 
growth rates for any of the examined spe-
cies (p >0.1). There is usually a positive 
linear relationship between the growth 
rate and respiration (Geider & Osborne 
1989, Langdon 1993). The slope is the 
fraction of carbon respired per unit car-
bon assimilated, and the intercept is the 
rate of the maintenance respiration. How-
ever, most of relationships between growth 
rate and respiration found in the literature 
have been conducted at high temperatures 
(~20 °C). There are examples of respira-
tion measurements conducted at low tem-
perature (<10 °C) where growth rate and 
respiration have been negatively correlated 
(Sakshaug et al. 1991). For the marine dia-
tom Leptocylindrus danicus, the expected 
positive correlation between growth rate 
and respiration was determined at temper-
atures ≥10 °C, but there was no correlation 
at 5 °C (Verity 1982). There is no physi-
ological grounds for suggesting that the 
growth-respiration slope is negative, but 
the results presented in paper III, as well 
as evidence from literature, indicate that 
the relationship between growth rate and 
respiration is less pronounced or absent at 
low temperatures (e.g. below 10 °C). This 
should be considered when trying to es-
tablish growth-respiration relationships at 
low temperature and when modeling res-
piratory loss in cold-water phytoplankton.
5.4.4. Diatom silicate uptake
There were differences in the dissolved 
silicate (DSi) uptake kinetics between the 
examined spring diatoms in paper IV. C. 
wighami was the best competitor in high 
nutrient conditions with highest maximum 
uptake rates for DSi, supporting the high 
growth rate of this species. Of the common 
spring diatoms both our results (paper IV) 
and the literature suggests that S. costatum is 
best adapted to the lower nutrient situations 
after the peak of the spring bloom, with 
a high affinity for DSi (Heiskanen 1998, 
Tamelander & Heiskanen 2004). All the 
most common diatoms examined (C. 
wighamii, P. taeniata, S. costatum and T. 
baltica) were relatively lightly silicified 
and the Ks value was variable but relatively 
low, an indication that they are well adapted 
to low DSi concentrations.
A distinct feature in the uptake kinetics 
was the apparent minimum DSi concen-
tration, Smin, where growth stopped (paper 
IV). There was no active biological regen-
eration of silicate during the investigation, 
and transport from the BSi pool to the DSi 
pool depends on dissolution of BSi, which 
is a relatively slow process at the low tem-
perature used (Kamatani 1982). Dissolution 
of BSi is thus probably not the reason for 
the observed Smin. Residual DSi that has not 
been taken up by diatoms has been report-
ed in earlier culture work (Paasche 1973, 
Kudo 2003), and Paasche (1973) suggested 
it to be non-reactive silicate. However, our 
results show that the Smin was not constant 
for the same species (paper IV), and the 
Smin value was lower when the media had 
nutrient concentrations closer to what is 
found in a natural environment i.e. under 
the settings mimicking natural silicate up-
take. Thus, in paper IV we hypothesized 
that availability of N and P affects the Smin 
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value, and that excess N and P stops uptake 
of DSi at a relatively high concentration (>1 
µM). Depletion of N might be a trigger for 
diatoms to make resting spores (Itakura et 
al. 1993, Oku & Kamatani 1997), which 
perhaps triggers the cells to take up the last 
available silicate for producing thicker cell 
walls.
5.4.5. Mixotrophy
The results presented in paper II showed that 
S. hangoei has active leucine aminopepti-
dase (LAP). The average AMC produc-
tion was 0.119 nmol cell-1 h-1 in the >2 µm 
fraction, which was an order of magnitude 
higher the enzyme produced by a single 
bacteria in the <2 µm fraction of the same 
culture (Fig. 15). The result suggests that 
this species is able to break down dissolved 
organic matter (DOM) extracellularly into 
obtainable parts, i.e. mixotrophy (Stoecker 
& Gustafson 2003). Furthermore, the calcu-
lations of in situ growth rate of 0.4 divisions 
d-1 of W. halophila (paper V) compared with 
observed in situ carbon assimilation rates 
suggests indirectly that this species obtains 
carbon from some other source than from 
photosynthesis.
Many dinoflagellates, perhaps most, 
are mixotrophic (Jacobson 1999, Stoecker 
1999). Traditionally mixotrophy has been 
seen as a way for enquiring nutrients such as 
N and P after the water column is stratified, 
and all inorganic nutrients are depleted. 
However, during the initiation of the spring 
bloom inorganic nutrients are replete, and 
light for fixing carbon is normally the lim-
iting factor. Being able to utilize an exter-
nal carbon source would be beneficial in a 
light-limited environment, and it has been 
suggested that dinoflagellates could use 
DOM as a source for carbon (Carlsson & 
Graneli 1998, Legrand & Carlsson 1998). If 
the dinoflagellates have the ability to take 
up carbon through mixotrophy, the gross 
carbon assimilation rates would be higher 
than the observed photosynthetic produc-
tion, and would facilitate higher growth 
rates than what the 14C fixation rate would 
imply.
5.5. Model of the initiation of the spring 
bloom
Basic metabolic variables of C. wighamii, 
M. arctica, T. baltica and S. hangoei were 
used in a model of the initiation of the spring 
bloom in the Gulf of Finland and compared 
with field data (Chl a concentrations, Secchi 
depth and temperature and salinity profiles) 
taken at Längden sampling station, during 
the period 1987-2004 (paper III). The model 
predicted that the first days with positive 
growth rates for the diatoms with a mixing 
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Figure 15. The LAP activity of Scrippsiella hangoei 
in light and in dark. LAP measurements were below 
detection limit (BDL) of the method for the dark 
stored S. hangoei on day 14 and 20. Measurements 
were stopped after 27 days. Detection limit in the 
dark treatment was ~0.02 nmol AMC cell-1 h-1. Error 
bars represent SD (n = 3). Redrawn from paper II.
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depth of 20 meter was March 24 – April 
2. This was in good agreement with field 
observations of spring bloom initiation (Fig. 
16). However, for S. hangoei the model’s 
prediction did not match observations, as 
dinoflagellates do bloom at same time as 
the diatoms. P. catenata and W. halophila 
have similar growth characteristics as S. 
hangoei (Table 6, paper III), i.e. they do 
not obtain higher growth rates, indicating 
that the same conclusion can be drawn for 
these species. There are several possible 
explanations for the apparent difference 
between observations of dinoflagellates 
during the spring bloom, and model 
predictions. For example motility and 
mixotrophy in dinoflagellates were not 
included in the model.
In the presented model (paper III), we 
used a linearly decreasing mixing depth (Fig. 
8). An improvement would be to include a 
dynamic mixing regime as this is clearly 
more realistic. Such an addition does, how-
ever, come with a cost, as it makes it harder 
to interpret the results. Mixing-depth less 
than Sverdrup’s critical-depth would give 
positive production earlier in the season 
compared with our model, which, in fact, 
can be determined from our data. However, 
mixing depth deeper than Sverdrup’s criti-
cal-depth impose a loss process, which is 
harder to define. In addition to respiration, 
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Figure 16. Model results showing the Julian day when a positive net growth occur as a function of mixing 
depth, assuming a biomass of 1 mg Chl a m-3 and light attenuation (Kd) of 0.33 m
-1. The average observed 
onset of the spring bloom starts at April 1. Graph redrawn from paper III.
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there are other loss processes like grazing, 
sedimentation or excretion of DOM. If a 
dynamic mixing regime was to be included 
in the model, realistic loss rates need to be 
added as well. Another complicating factor 
is what the 14C-method actually measures. 
If it measures gross growth the model is 
correct, but if it actually measures some-
thing between net and gross production 
(Bender et al. 1987), the respiratory loss is 
overestimated in the model. The two effects 
counteract each other, which might be the 
reason for the good agreement with field 
observations.
6. ECOLOGICAL STRATEGIES
6.1. Diatom competition strategies
The diatom group is generally r-selective 
with high growth potential during favorable 
periods. Typical diatom-dominated blooms 
constitute of several diatom species, and 
they are ecophysiologically eurytolerant 
with high habitat diversity, in contrast 
to the general habitat specialization of 
dinoflagellates (Smayda & Reynolds 2003). 
Dominating spring diatoms in the Baltic Sea 
fall within this categorization, and their life 
strategy is rather simple: high growth rate. 
There are, however, clear species specific 
differences in utilization of light, uptake 
of DSi resulting in varying growth rates, 
but the growth rate is overall much higher 
for the diatoms compared with competing 
dinoflagellates.
There are many hypotheses for the rea-
sons why diatoms as a group succeed so 
well globally. The fact that they use silicate 
as material for building cell wall could be 
one advantage due to lower metabolic cost 
compared with other cell wall materials 
such as cellulose (Raven 1983, Martin-Jez-
equel et al. 2000). A lower C:Chl a ratio has 
also been proposed to benefit diatoms be-
cause more resources is allocated to photo-
synthesis (Langdon 1988), and the diatoms 
often have a large central vacuole (Paasche 
1960), which has been proposed to give 
them a benefit by increasing the surface to 
plasma volume (Egge 1993). Diatoms’ abil-
ity to acclimate to ambient irradiance has 
been proposed to give them an advantage in 
well mixed waters where irradiance varies 
between extremes (full sunlight at surface 
to darkness in the lower part of the mixed 
layer) (Lavaud et al. 2002a, b). They have 
effective protection mechanisms against 
photo-damage (Lavaud et al. 2002a, b), 
they have been hypothesized to reduce NO3 
as a measure to better modulate the flow 
of photosynthetic electron energy (Lomas 
& Glibert 1999b), and they survive for long 
periods in dark when mixed to great depths 
(Peters 1996).
6.2. Dinoﬂ agellate competition strategies
Most of the successful dinoflagellates have 
multiple life-form strategies that allow 
them to occupy specific ecological niches 
(Smayda & Reynolds 2001). Smayda & 
Reynolds (2001) proposed nine different 
dinoflagellate life-form types (I-IX), which 
describe different blooms and life strategies 
of dinoflagellates. Generally, dinoflagellate 
life-forms avoid the winter and spring in 
temperate areas, which favor the diatom-
type life strategy. This is in line with the 
classical Margalef’s Mandala (Margalef 
1978). The vernal dinoflagellates in the 
Baltic Sea do not, however, fit to this 
scheme (e.g. papers I & V). Although a 
majority of dinoflagellate blooms occur 
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in warm waters, there are examples of 
other cold-water dinoflagellates outside 
the Baltic Sea that may occur in dense 
concentrations (Stoecker et al. 1997, 2000, 
Okolodkov 1999, Kunz-Pirrung 2001, Gast 
et al. 2006, Thomson et al. 2006), which 
perhaps calls for an addition of a life-form 
type X that includes cold-water adapted 
dinoflagellates.
The vernal dinoflagellates in the Baltic 
Sea do in some respects exhibit a life strat-
egy that resembles that of diatoms (Smayda 
& Reynolds 2001, 2003): (1) they bloom an-
nually, (2) there are more than one species, 
(3) these have separated the habitat into 
niches, (4) the blooms are predictable and 
prolonged, and finally (5) they have a wide 
distribution in different Baltic Sea habi-
tats (shallow bays, costal areas, open sea, 
etc.). There are, however, also differences. 
The main difference is the growth strategy, 
where the dinoflagellates, contrary to the 
diatoms, invest much more into indirect 
ways of promoting growth such as motility 
and mixotrophy.
6.3 Ecological niches
6.3.1. The C-S-R triangle
The basic concept of Grime’s C-S-R 
paradigm (Grime 1974, 1977) is a three-
way trade-off between adaptation to high 
productive (C), high stress (S) and high 
disturbance (R) habitats (Fig. 17). Originally 
the C-S-R triangle was developed for 
terrestrial plants, but has since been adapted 
to phytoplankton ecology (Reynolds 1988). 
The C-S-R theory has been criticized 
(Grubb 1985, Tilman 1988), but most of the 
critique is, however, specific for terrestrial 
plants and not applicable to aquatic systems 
(Piggot 1980, Tilman 1987), which is a 
Winter
High nutrient concentration 
Deep mixing: 
mixing >Sverdrup's critical depth 
Summer
Low nutrient concentration 
Stratification:
mixing <Sverdrup's critical depth 
Spring
High nutrient concentration 
Initial stratification: 
mixing <Sverdrup's critical depth 
R S
C
Figure 17. The conceptual C-S-R model. The cor-
ners represent high productive (C), high stress (S) 
and high disturbance (R) habitats. The arrow indi-
cates the general succession pattern within the C-S-
R triangle (Margalef 1978, Wilson & Lee 2000).
C
SR
Cw 
Pt
Sc 
Pc 
Sh & Wh 
Tb
Figure 18. Some of the main vernal phytoplankton 
species in the Baltic Sea placed in a conceptual C-
S-R triangle: Chaetoceros wighamii (Cw), Pauli-
ella taeniata (Pt), Thalassiosira baltica (Tb), Skel-
etonema costatum (Sc), Scrippsiella hangoei (Sh), 
Woloszynskia halophila (Wh) and Peridiniella cat-
enata (Pc). The positions are only relative, see the 
text for discussion.
230752_HAEGGSTROM_VK_sisus.indd   44 12.1.2007   10:00:25
45
much more homogenous environment, e.g. 
water stress does not exist. Reynolds (1988) 
characterized the mixing depth of the water 
column as a key parameter for the R corner 
of the triangle and nutrient limitation as the 
S parameter. It is worth noticing that all the 
space within this conceptual triangle can 
be occupied, except the absolute corners, 
e.g. there are no strict C species without 
any adaptation towards S and/or R. Fig. 17 
shows a general succession pattern during 
the seasonal change from winter to summer. 
In their review, Wilson & Lee (2000) stated: 
“It is a strength of C-S-R theory, as well as 
a complication, that it links environmental 
conditions, community features such as 
species richness, and the characters of 
species. Ecology is in sore need of such an 
overview, and C-S-R theory is at the very 
least a brave attempt at a synthesis.”
6.3.2. Ecological niches of dinoflagellates
Peridiniella catenata has the ability to 
swim and position itself in the water column 
together with its adaptation to a cold and 
turbulent environment are probably key 
factors in its life strategy. The spring habitat 
in temperate areas is typically on the C-R 
axis of Reynolds’ C-S-R model (Reynolds 
1988), as a result of the initial nutrient replete 
conditions and deep mixing. The habitat is 
divided into niches along this axis, and of 
the dinoflagellates P. catenata probably 
occupies the niche furthest towards the R 
side due to its good swimming capabilities 
(Fig. 18).
Woloszynskia halophila and Scrippsiella 
hangoei swim but do not perform DVM. 
They can build up dense blooms when the 
inorganic nutrients are replete (paper V), 
but go through mass encystment after in-
organic nitrogen is depleted (Heiskanen 
1993). Although there is evidence suggest-
ing mixotrophy among these species, they 
are clearly not well adapted to low nutrient 
environment. Additionally they need some 
stratification before they are able to bloom 
(paper V, Höglander et al. 2004) This sug-
gests a position more towards the C corner 
(Fig. 18).
6.3.3. Ecological niches of diatoms
The species with the highest maximum 
growth was Chaetoceros wighamii, which 
also had the highest recorded Vm for uptake 
of dissolved silicate (DSi) (paper IV), and 
thus appear to be the best competitor in high 
nutrient conditions (but the uptake kinetics 
of N and P are of course also important 
parameters that has not been examined). 
Consequently it is placed furthest toward 
the C corner in the C-S-R triangle (Fig. 
18). Thalassiosira baltica has the lowest 
maximum growth rate of the common 
spring diatoms and had a relatively low 
Vm for DSi, and thus exhibits a different 
ecological strategy, which presumably lays 
more toward the R corner (Fig. 18). Pauliella 
taeniata and Skeletonema costatum were 
in between C. wighamii and T. baltica in 
terms of Vm of DSi and maximum growth 
rate. S. costatum has often been reported to 
be relatively more abundant after the main 
peak of the spring bloom (Heiskanen 1998, 
Tamelander & Heiskanen 2004), suggesting 
that this species is the best S adapted species 
of the four. This is also supported by our 
measurements of DSi uptake kinetics where 
S. costatum had half saturation constant at 
the lower parameter boundary (paper IV).
P. taeniata, Melosira arctica and Nitzchia 
frigida are arctic species, which in the Bal-
tic Sea can be found associated with ice 
during winter (Ikävalko & Thomsen 1997). 
Both M. arctica and N. frigida may reach 
high biomass in the pelagial during spring 
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in some areas, but are not overall dominat-
ing species. Both N. frigida and D. tenuis 
are highly silicified, but exhibit different 
uptake characteristics of DSi: D. tenuis has 
a relatively high Vm and Ks, N. frigida, on 
the other hand, had relatively low Vm and 
the Ks was at the low parameter boundary 
of the modeled silicate uptake (paper IV), 
suggesting a higher affinity for DSi. These 
results are perhaps a reflection of different 
uptake strategies, and the results indicate 
D. tenuis is most vulnerable to silicate limi-
tation of the examined species.
6.4. Potential driving forces of the com-
munity composition
Although the presented results indicate that 
mixotrophy and motility are important in 
the life strategy of the Baltic Sea spring 
dinoflagellates, these traits are not unique 
for the Baltic Sea dinoflagellates. Why the 
dinoflagellates are so successful just here 
remain somewhat of an enigma. There 
are, however, environmental factors in the 
Baltic Sea, not typical for other marine, 
temperate habitats, which potentially are 
important for the diatom – dinoflagellate 
competition.
The loading of N and P to the Baltic Sea 
has increased the (N, P):Si ratio, and the 
dissolved silicate (DSi) concentrations have 
also decreased in absolute numbers over 
the past 30 years in the central Baltic Sea 
(Wulff & Rahm 1988, Papush & Daniels-
son 2006). Damming of rivers and burial of 
biogenic silicate (BSi) in the sediment has 
been suggested to be the main cause for the 
decreased DSi concentration (Conley et al. 
1993, Humborg et al. 2000). Diatom growth 
stopped in DSi concentrations >1 µmol L-1 
in culture (Smin value, paper IV); in meso-
cosms, however, there was no sign of DSi 
limiting diatom growth (unpublished result). 
Furthermore, there is no direct evidence in 
the literature suggesting that silicate limits 
diatom growth during the spring bloom in 
the Baltic Sea. Thus, DSi does not seem to 
be a factor that is important for the phyto-
plankton composition at present, but con-
tinued decreasing DSi concentrations will 
at some point lead to limitation of diatoms 
before N is exhausted, and consequently 
benefit non-siliceous phytoplankton.
Mild winters with limited ice cover in 
spring have been suggested to favor dinoflag-
ellates over diatoms (e.g. Heiskanen 1998). 
However, dinoflagellates have constituted a 
major part of the biomass also during cold 
winters with long-lasting ice cover, indicat-
ing that dinoflagellates are not restricted to 
mild years (paper V). There is normally an 
ice cover in large parts of the Baltic Sea, and 
diatoms are generally the dominating group 
within the ice (e.g. Ikävalko & Thomsen 
1997). Although the seeding potential of ice 
diatoms is not well studied, there are indi-
cations that their seeding ability is limited 
(Haecky et al. 1998, Kuosa & Kaartokallio 
2006). This could be caused by exhaustion 
of nutrients in the brine channels before ice 
break, causing the cells to be in poor physi-
cal condition or dead at this point (McMinn 
1996). Underneath the ice, however, the wa-
ter is not enclosed, and there are more nu-
trients available. Dinoflagellates may form 
dense blooms underneath the ice (paper V), 
and the results from the mesocosm experi-
ment (Fig 11), indicate that the seeding and 
build up of biomass before spring bloom 
initiates, is important for producing high 
biomass during the spring bloom. Thus, 
ice cover may in fact serve an important 
function as a platform for dinoflagellates to 
build up biomass before the initiation of the 
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spring bloom.
The large freshwater influence in the 
Baltic Sea create different stratification pat-
terns compared to marine systems where 
thermal stratification is of greater impor-
tance, and the stratification pattern seems 
to be a major determinant of the phyto-
plankton composition (Heiskanen 1998, 
Höglander et al. 2004), which probably is 
the reason why calm conditions seems to 
promote dinoflagellates (Heiskanen 1993, 
Heiskanen & Kononen 1994). An early 
build-up of stratification favors the mo-
tile phytoplankters over immotile diatoms 
(Kamykowski 1995) and there are also 
studies suggesting that stratification pat-
tern plays a role also in the phytoplankton 
succession in the Baltic Sea (Höglander et 
al. 2004). Changes in climate may poten-
tially change the stratification pattern, e.g. 
by changed participation rates and fresh-
water outflow, and may thus affect the 
phytoplankton community and the onset of 
spring bloom.
7. CONCLUSIONS
• This thesis has provided new informa-
tion about the basic physiological and 
ecological properties of the main cold-
water phytoplankton in the Baltic Sea. 
The main phytoplankton groups have 
difference physiological properties, 
which clearly separate their life strate-
gies.
• Main findings:
o A large fraction of the Peridiniella 
catenata population migrate down-
wards before encystment (paper I).
o A new temporary cyst was described 
for Scrippsiella hangoei (paper II).
o S. hangoei produce the enzyme leu-
cine aminopeptidase extracellularly, 
indicating mixotrophy (paper II).
o Species specific rates of primary pro-
duction, respiration and growth was 
presented in paper III.
o Silicate uptake kinetics for diatoms 
was presented in paper IV.
o Woloszynskia halophila can produce 
dense blooms under ice, driving the 
pH up to self limiting levels (paper 
V).
• The vernal Baltic Sea diatoms have much 
higher primary productive capacity and 
lower respiration rate compared to com-
peting dinoflagellates. Also among the 
diatoms there are species specific dif-
ferences in physiological and ecological 
characteristics enabling them to explore 
different ecological niches.
• Due to their lower growth rate the dino-
flagellates have other competitive ad-
vantages enabling them to compete suc-
cessfully with the diatoms:
o Motility: dinoflagellates are able to 
swim and their vertical migration 
and positioning is a key strategy for 
at least Peridiniella catenata.
o Mixotrophy: there was indication of 
mixotrophy in Scrippsiella hangoei 
as well as indirect evidence of the 
same strategy of Woloszynskia ha-
lophila. Mixotrophy can serve as an 
alternative carbon source during the 
light-limited period before the initia-
tion of the spring bloom.
o Additionally the seeding potential 
and build up of biomass before spring 
bloom initiation seem to be important 
for dinoflagellate dominance.
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